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SECTION 1
[NTRODUCTION

The difficulties associated with conducting effective ground tests of strategic reentry
vehicles are well recognized hy the reentry community. Current ground test techniques involve
significant compromises in either simulation quality {of the flight environment, model size, or
test time) or data quality or both. One promising concept which has recently been advanced for
reentry vehicle (RV) ground testing 1s the guided track projectile range (References 1, 2, and 2).

The principal elements of a conceptual guided track range are sketched in Figure 1-1.

The guided track projectile range differs from a conventional ballistics range in that the
projectile or moedel is guided by a track. Studies have shown {References 1 and 2) that the fric-
tional drag associated with model guidance along the track is small relative to the aerodynamic drag
acting on the model at range pressures of interest for RY testing. Other elements of a guided
track range which are sketched in Figure 1-1 are the launcher, a model preheater and perhaps
preconditioning section for reducing the model temperatyre transient during flight, the test range
which includes the tracks and perhaps partitions to divide the range into regions of different

static conditions, and a deceleration section to enable recovery of the modeT.

The potential advantages of a large scale guided track range for RY testing can best be
illustrated through comparison with testing in a conventional ballistics range. The conventional
ballistics range has proven to be moderately successful for testing the ablation performance of
RV therma} protection materials (cf., Reference 4). The principal disadvantages of the conventional

ballistics range for this type of testing are:
a. The model cannot be recovered for post-test examination

b. It is often difficult to obtain high quality photographs of the model in flight near the
end of the range (even with the very sophisticated equipment currently being used)

due to model dispersion relative to the focal plane
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€. Test times are so shert {about 0.07 seconds) that it is difficult to precisely measure
material ablation rates and it is impossible to obtain data relative to overall nosetip

shape-change
d. Test models are typically much smaller than the RY compenents of interest.

A Targe scale guided track ramge has the potential for overcoming all of the above problems.
The “track” would serve to guide the model precisely along a straight trajectory, and this would
enahle accurate photographic data to be obtained at all locations along the range. The track could
also serve to guide the model inta a compression tube which would decelerate the model and enable
model recovery. Model recovery capabi]ity has already been demonstrated in a subscale guided
track range (Reference 2;. 7The cperation principle of the recovery tube is discussed in more

detail subsequentiy.

Test times in a ballistics range are of course limited by the range length. However,
the Tergths of the twa ballistic ranges currently used for RV testing (AEDC Range G and the NSWC
Hyperballistics Range) are 1000 ft, and lengths much longer than this are impractical due to model
dispersion and deceleration. A large guided track range would not be limited in length by these
factors since the track wculd eliminate model dispersion and model deceleration rates would be Tower
{because the model deceleration depends on the ballistic coefficient, &, and B scales with the model
size). Additionally, the "effective™ test time in a guided track range could be increased sub-
stantially by recovering and relaunching the model. Analytical studies documented in Reference 3
showed that, in principle, an entire reentry trajectory could be simulated by repetitive model
recovery and relaunch at velocity and range conditions adjusted to correspond to the next increment

of the reentry trajectory.

While the guided track projectile range concept is entirely feasible in principle and
successful operation has been demonstrated in a small scale range, AEDC studies have identified
certain technology issues which should be addressed relative to a very large scale guided track

RY test range. These technology issues inglude:
1. The launcher
2. The preheater
3. Model/track interactions

4. Model recovery
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This study was directed toward the model recovery issue.

Model recovery is to be accomplished by guiding the model into a recowvery tube where it com-
presses—the gas in front of it, and this serves to decelerate the model. The model deceleration
rate {and hence recovery tube length) may be controlled by the static pressure of the gas in the
tube, and the gas type. In order to tailor the model deceleration rate, the gas static pressure
in the tube may be varied through the use of fast acting valves. These valves would serve to
corpartmentalize the tube into regions of various pressures, but would open toc allow passage of
the model and shock compressed gas. As the model velocity decreases to low values, it becomes less

practical to continue deceleration through gas compression and more practical to stop the model

by friction. Thus, terminal model deceleration would be accomplished in a friction section.

The objective of this study was to analytically optfmize the appropriate parameters of the

recovery tube design based on:
t. Minimum model damage
2. Minirum recovery system cost

There ars many options relative to the configuration and operation of the recovery tube.
The principal factors affecting the recovery tube design are mode? damage and system cost. Indeed,
there existed uncertainties regarding the basic feasibility of recovering a heavy (i.e., 10's of
pounds) model from a high velocity (i.e.,15 — 20 kfps) without subjecting it to unacceptably severe

damage. Model damage during recovery was expected to be due to three principal causes:
Ablation —

Due to the high pressures, gas enthalpies, and convective heating rates acting on the

model during recovery

Structural Loading —

Due to deceleration forces, pressure forces, and thermal stresses acting on the

model during recovery

Material Property Changes —

Due to the high temperature soak experienced by the model during recovery and during the

“cool-down" period following recovery

Recovery system costs are cbviously dependent on things 1ike the tube length and wall thickness

required which in turn depend en the model deceleration rate and pressure,
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There are certain practical constraints placed on the recovery system configuration by model
launch requirements, ballistic coefficient scaling, and recovery dynamics. These are established in
Section 2, System Sizing Considerations. There are also some basic alternatives relative to the
recovery tube operating principles, and these are reviewed n Section 3, General Features of Recovery
Tubes. A major part of this study was directed at predicting the level of model damage during
recovery. The analytical technigques used to compute the model damage are discussed in Section 4
and the damage calculation results for a matrix of relevent recovery conditions are presented in
Section 5. The recovery system cost analysis and cost optimization results are presented in
Section 6. Based on the results of this study, conclusions and recommendations are summarized

in Section 7.

13
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SECTION 2
SYSTEM SIZING CONSIDERATIONS

The objective of this study is to optimize recovery tube design parameters. Before any such
optimization can proceed, the first step is to determine practical constraints imposed on recovery
tube parameters by projectile Jaunch, range, and recovary considerations, These considerations will
serve as 3 guide in determining key parameters and in selecting a reascnable range of each. Projec-

tile launch, range, flight and recovery considerations are covered in the followirg subsections.

2.1 LAUNCH CONSIDERATIQNS

The description of launch considerations which follow assumes a qun launcher. While it is
not certain that a large scaie projectiie range would use a qun launcher [a rocket launcher is alsg

under consideration), it does represent a fairly well proven and conservative approach.

The relatfons governing the operation of such a device are primarily dynamics, kinematics,
and launcher design constraints. The dynamic relation which follows from a Newtonian force balance

on the projectile is:

()
vhere
PL = launch pressure
Ab = prejectile base area
Mp = projectile mass
a = launch acceleration rate
Similarity, the kinematic relation assuming approximately constant acceleration in the launcher
is:
VZ
L= z—aL[ (2-2)

14
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where

-
il

length of launcher

¥

[

L launch velocity

The final launch relation is imposed by the requirement that optimal launcher design requires that

the ratio of Tength to diameter be held approximately constant

% = gonstant = C . (2-3)

This relation comes from both empirical observation of operating gun systems and approximate theo-

retical considerations,

Combining Equations (2-1) through (2-3} and solving for the projectile mass per unit base

)

Observing the quantities in the parentheses on the right side of Equation (2-4), the following can

area (MP!Ab] yields

be noted:

# Maximum launch pressure (PL) is dictated by launcher and projectile material strength

limits
¢ Maximum launch velocity (VL) is given by the requirement to simulate reentry flight

Acplying these observations to Equation (2-4) 1t s apparent that projectile mass per unit area is

praportional to the launcher diameter

() -

b

The proportionality constant for Relation (2-5) was estimated using the current AEDC Range G nominal

operation condition. A plot of the resultant variation of Hp!Ab with 0 15 shown in Figure 2-1.

2.2 RANGE FLIGHT CONSIDERATIONS

The most impartant consideration for range fifght 1s the ballistic coefficient. If the bal-
listic coefficient is significantly less than the desired value, the projectile velocity in the

range will quickly drop below flight values.

15
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150

160

- 2
MpfAb 1bm/ft

wn
=

Nominal Range G
operating conditian “F

Figure 2-1, Projectile mass per unit base
area relation dictated by
launch censiderations.

16
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The batlistic coefficient {s defined as

(2-6)

™

i
cﬁ""
P
=?1u=
N

where

CD = drag coefficient

Assuming a sphere-cone projectile configuration, the drag coefficient for hypersonic conditions 15 a

function of
CD = f{D.RN,Bc} (2-7)

where

XX
n

N projectile nose radius

L= =]
(1]

cone half angle

Cambining Relations {2-6) and (2-7) and Relation (2-5) from launch considerations results in the

functional relation
B = f[D.R",s-c) (2-8)

A plot of nominal ballistic coefficient versus projectile diameter (D} 1s shown in Figure
2-2. For this plot (and in the remainder of this study} z nose radius (RN) of 1.0 fnch and cone half-

angle {ec) of 8° was assumed. These values are guite typical of ballistic reentry vehicles.

2.3 RECOVERY CONSTRAINTS

The relations governing projectile recovery are quite similar to those for launch; namely

dynamics, kinematics, and desfgn constraints. The dynamic relation 1s again

M
Pp * (-‘5) ag (2-9)

where

-
(1]

g = recovery pressure

recovery deceleration rate
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Combining Equation {2-9) with Relation (2-5) from launch considerations gives

PR - DaR {2-10)

Values of recovery pressure (PR) versus projectile diameter (D} for various deceleration rates (aR)

are shown plotted in Figure 2-3,

The constant deceleration kinematic relation is agafn similar to launch

Tube length = Ez"::_;l {2-11)
Equation (2-11} 1s only approximate because an actual recovery tube will have to be longer than the
distance required to bring the projectile to rest at constant deceleration. This is because addi-
tional length will have to be added to allow for the shock wave which proceeds the projecttle in
the tube. MNevertheless, Equation {2-11) does show that the required tube length will $ncrease in-
versely with deceleration rate. Neminal deceleration distances calculated using Equation (2-17} are

indicated on Figure 2-3.

The final consideration for recovery is imposed by tube mechanical strength 1imits. A con-
servatively approximate relation for the required tube thickness to support 2 given pressure is
given by the thick wall tube equation {Reference 5}.

2
559

{2-12)
2 <~ Pr

Tube 0.0, =

whare

g - Maximum shear stress
s Factor of safety

For a nominal carbon steel and a factor of safaty of 2.0, Equation (2-12} indicates a maximum allow-

able recovery pressure of about 750 atm. Greater pressures would require higher strength alloy

steals.

2.4 SYSTEM SIZING CONCLUSIONS

From Figures 2-2 and 2-3 it is readily apparent that the key recovery tube design parameters
are projectile diameter and recovery deceleration rate. The range of diameters of interest is
1imited on the low end by the requirement for a moderately high ballistic coefficent (Figure 2-2).

Diameter is limited on the high side by both recovery tube pressure (Figure 2-3) and probably also

costs,
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Figure 2-3. Recovery tube pressure versus projectile
diameter for various deceleration rates.
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The upper value for recovery tube deceleration rates of interest is similarly dictated by
recovery tube pressure {Figure 2-3). The lower value of deceleration is constrained by the ionger

tube Tengths required as deceleration rate is reduced.

Based on the above consideratfons and discussions with AEDC technical pecple, the following

baseline conditions were established:

D = 8B inches
& = 1000 psf
ag = 8x10° g's
Pp = 356 atm

In latter sections optimum recovery tube conditions will be determined by considering the

effects of design variations from the baseline.

For all calculations of model damage which follow the nosetip model was assumed to be recon-
structed of ATJ-S graphite. This is a reasonable baseline material since it is 1ikely that in the
foreseeable future new nosetip materials will continue to be graphitic because of the extremely

favorable thermochemical properties of graphite.
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SECTIOK 3
GENERAL FEATURES OF RECOVERY TUBES

In the introduction of this report the recovery tube concept was discussed. Namely, model
recovery is designed te occur in a tube containing a qas at elevated pressure. [In this section
several alternate means of achieving model slowdown by use of pressure forces are discussed. The
methods presented vary in complexity and practicality. The ultimate choice of the optimum method
iust necessarily relate to other considerations such as material strength Yimitations. In the
sections which follow the alternate methods for achieving mode) slowdown are discussed and compared
on a qualitative and quantitative basis. The analytical techniques used te perform the quantitative
comparison are discussed briefly. Finally, the candidate recovery tube concepts are compared on

the basis of preliminary calculation techniques.
3.1 RECOVERY TUBE CONCEPTS

In this study, four different types of recovery tube concepts were considered. They were:

1. The "open" tube
2. "Closed" tube

3. Combined "open/closed" tube
4. Compartmented closed tube.

In each of the concepts, 1 through 4, the recovery tube is used to decelerate the model
from high velocities (~20000 fps) to low velocity (~1000 fps). This deceleratien process is accom-
Flished primarily by pressure forces generated by compression of a gas. The tube gas s contained
at a pressurized state {generally greater than 1 atm) before the model enters the tube. Hence,
a common feature is that each concept contains at least two valves to create a prepressurized state

prior to model entrance.

As stated above, after the model enters the tube, pressure forces decelerate the model to
some low velocity, taken to be 1000 fps in this study. Slowdown from 1000 fps to rest would be

accomplished by frictional means such as converging rails.

22



AEDC-TR-76-115

3.1.1 "Qpen" Tube Concept

The gpen tube concept is depicted in Fiqure 3-t. Here the recavery tube consists of a s$ingle
pressurized compartment with valves at efther end. As the model departs the range (t = t]), it
enters the prepressurized tube (t = tz} at high velocity and a shock wave is formed ahead of the model,
This shock wave will continue to move away from the projectile with time, Meanwhile, the projectile

beqins to decelerate owing to high pressure forces on the face produced by shock wave compression.

As the porjectile decelerates, expansion waves emanate which eventually overtake the shock
wave and weaken it. This causes the projectile deceleration to decrease. Thus, the efficiency of
the deceleration process is degraded owing to a weakening of the primary shock wave. Therefore, the

required tube length may be excessively great for thfs method.

The method ¢ffers simplicity which leads to less concern of valve timing and associated hard-
ware and operating costs. By opening the downstream valve at the proper time the tube can be easily
vented, eliminating model rebound. The obvious disadvantage of this approach is the long tube length

required and associated costs.

3.1.2 Closed Tube Concept

The closed tube concept is presented in Figure 3-2. Here, the principal of operation is very

similar to the open tube concept. Again, a single prepressurized compartment is used.

However, the primary shock wave ahead of the projectile eventually strikes the clased end of
the tube, it is reflected, thereby reprocessing the gas behind this shock to higher pressure levels.
Eventually, the reflected shock strikes the projectile and reflects from it, thereby, recompressing

the gas a second tine., This process may be repeated several times.

The disadvantage of this method 1s that both the projectite and the tube are subjected te
very high impuise loads. These loads can lead to either mode! or tube damage. In addition, the large
impulse loads may eventually cause the model {o veverse direction in the tube. This latter condition

could be alleviated by venting the downstream end of the tube at the proper time.

The closed tube concept has the potential For 2 shorter tube than the aopen tube concept.

3.1.3 Combined Open/Closed Tube Concept

Each of the two methods discussed above have inherent advantages. 1t seems reasonable to

attempt to combine the two approaches. Figure 3-3 shows the combined open/closed tube arrangement.
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Again, a single prepressurized tube is used. However, at the downstream end a variable orifice/

valve is used to modulate the outflow and thus control the strength of the reflected shock.

By controlling the strength of the reflected shock it appears that model and tube damage can
be avoided. At the same time, it 7s probable that the tube length can be reduced compared to the
open tube concept because a reflected shock is wtilized to assist {n maodel slowdown. Also, by modulat-

ing the outflow a variety of operational modes can be achieved and deceleration rates preprogrammed.

The disadvantage of this method is the azdded complexity of operation as compared to the open

and closed tube concepts.

1.1.4 Compartmented Tube Concept

An alternate method of achieving a tailored projectile deceleration is by means of the com-
partmented tube concept. Here the recovery tube is divided into several pressurized compartments as
shown in Figure 3-4. Each compartment is separated from its neighbors by gquick action valves. The
principal of operation is the same as for the other concepts until the main shock approaches the
end of the first compartment. At this time, a valve would be opened to expose the main shock to a
higher pressure gas. Subsequent to a development pariod associated with valve opening timing and
finite opening time, an incident shock is formed which eventually intercepts the model. The pressure
rise associated with this interception serves tc offset the rarefactions due to model deceleration.

The main sheck will continue down the tube and new incident shocks will be established at the locatian

of each valve.

In this manner the pressure variation on the projectile face can be held within reasonable
limits. This will insure a nearly constant deceleration rate, thereby, minimizing required tube

length. This will also reduce the time of exposure, ostensibly limiting model damage as compared to

other tube concepts discussed.

The obvious disadvantages of this approach are: the complexity of the system with regard to
numcer of valves which require exact timing; complex pretest procedurss to pressurize compartments,

check valves, etc.; and the inherent danger of model damage due to a malfunction of one or more of

the valves.

3.2 RELATIVE EVALUATION OF RECOVERY TUBE CONCEFTS

In crder to determine the merits of the various recovery tube concepts discussed in Section
3.7 an analytical evaluation was performed, The tools developed for this comparison contain some

simplifications which should not disturb the basic validity of the resylts,
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The approach taken was to utilize a simplified methad of characteristics approach in the
space-time [x,t) computational plane. This approach 1% physically appealing since characteristics
represent weak wave trajectories in the x,t plane. A detailed discussion of the fundamentals of

these methods may be found in References 21 and 30.

In additfon, the gas was assumed to be ideal. For the comparative evaluation the test gas was
assumed to be helium, The method of characteristics procedure was taken to be of a "shock-expansion”
type. This assumes that when a weak wave (expansion or compression) intercepts a shock the reflected
wave is extremely weak and can be ignored. Shock-expansfor assumptions such as those mentioned above

are not overly restrictive and generally lead to good results (see References 21 and 13G).

Frojact1le dynamics are treated by a simple Newtonian force balance, F = PA = ma. Projectile

motion is thereby controlled by the pressure felt on the face.

Two basic computer codes were used., The first deals with the open tube problem and the second
treats the compartmented problem. The output of these analysis methods gives shock trajectory,

projectile trajectory and inviscid flow properties between the projectile and the shack.

The following paragraphs describe some of the results of the evaluations. In the results to
be discussed certain variables were held fixed. These include the initial velocity (18.3K fps),
projectile mass per unit cross-sectional area (94,3 1bn/ft?), and initial projectile pressure (445
atm]. The last two conditfons are consistent with an initial deceleration of 10%/9's. As noted

previously the test gas was assumed to be helium.

3.2.1 Open Tube Anaiysis

The results of the open tube analysis are presented in Figures 3-5 and 3-6. The method of
characteristics code was used to generate the wave diagram shown in Figure 3-5. Here, the projectile

rath forms the left boundary of the wave diagram,

Expansion waves are shown emanating from the projectile face and eventually overtaking the
primary shock, thereby slowing its velocity. Once the projectile is slowed to 1000 fps a left running
expansion wave is traced through the expansion wave system back to the shock. The intersection of
this left running wave and the shock actually determines the required tube length of about 2100 feet,

as shown. That is, if venting occurs at this location amd time, the first expansion wave would reach

the projectile just as it slowed to 1000 fps.

The face pressure and velocity history of the projectile are shown fn Figure 3-6. HNote that

the rate of pressure drop s rapid initially, and then begins to level off. Also, the deceleration

(the slope of the up-t curve) decreases steadily with time.
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3,2.2 (losed Tube Analysis

An evaluation of the closed tube concept was performed. The analysis was initiated by using
the results from the open tube analysis. Then a closed end location was selected, and the remainder

of the analysis was carried out by hand calculation.

The wave diagram for the closed tube analysis is shown in Figure 3-7. The reflected shock
aff the closed end was followed back to the projectile where it reflects again. Here the boundary

condition is somewhat different since the boundary {i.e., projectile) is in motion.

The peak pressures following shock reflection from the projectile depend upon the choice of
tube length, as shown in Figure 3-B. It is clear that minimum tube length for this scheme would be
approximately 1000 feet, based on tube material strength Timitations. Based on considerations of
cost increase with pressure that must be contained, the shorter closed tube reguirement probably
represents no economy over the open tube, particularly since they must beth be approximately 2000

feat long to be compatible with low cost steels.

3.2.3 Combined Open/Closed Tube Analysis

The combined c¢pen/closed tube analysis was not performed. It was concluded that the combined
approach would necessarily require a longer tube length than would be obtained with a compartmentalized
tube due to less uniformity of deceleration. However, it would probably be shorter than the closed
tube approach considered above, since the closed tube length is dictated more by tube pressure limits

than modal stapping distance. This concept will be considered further in Subsection 3.3.

For completeness, a schematic of the analysis approach for such a tube concept is depicted
in Figura 3-9. Essentially, the analysis would be similar to the closed tube analysis except that
at the tube end a net oqutflow would be allowed. This type of boundary condition would reduce the

strength of the reflected shock wave.

3.2.4 Compartmented Tube Analysis

Although the analysis method used here {s 21so a simple characteristics sofution, the procedure
itself is somewhat unigue in that an indirect approach 15 required. Hers 1t was assumed that the
projectile deceleration remains absolutely constant at 10 Kg's. This required the projectile face

pressure to be constant.

In order to achieve this limiting condition, an infinite number of compartments would be
required. This icealization does not Jimit the validity of the calculation. Hence, both the projectile

trajectory {through the known deceleration) and face pressure are known apriari. It is, therefore,
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required to find the pressure distribution ahead of the shock, that fs, the compartment pressures.
Thus, it can be seen that the method {s an indirect one, but ona which the method of characteristics

handles easily.

Figure 3-10 shows the wave diagram for the problem described above. 1In the finite approxima-
ticn 2 select number of waves are used to generate the wave diagram. Note that each time an expansion
reaches the primary shock a compression s emanated dus to exposure of a hew compartment, which just

cancels the effect of the expansion. 1In this manner the face pressure §¢ held constant,

Again the reguired tube length is determined by tracing an expansion wave from the projectile
face to the shock at the time when the projectile reaches 1000 fps. Thus, for the compartmented tube

concept, the required length was found to be about 700 feet for an average deceleration of 10“ G's.

The projectile face pressure and projectile velocity histories are shown in Figure 3-11. Note
that both the projectile pressure and deceleration are absolutely constant. Figure 3-12 shows the
resuitant smooth variation of compartment pressures required to maintain these constant conditions
shown in Figure 3-11. Tt should be noted that in order to achieve constant deceleration, tube pre-
pressures must be selected which cause higher pressures behind the shock than those appearing at the
projectile (peak pressure for this example is 670 atm when the principal shock reaches the end of

the tube at about 40 msec).

Tn the next section of this report an exact procedure for performing the compartmented problem
analysis will be described. MHowever, that method cannot predict the required compartment pressures
and is only capable of handling a direct type of problem. Consequently, the indirect andlysis described

here was used to define appropriate required compartment pressures.

Rather than use an infinite number uf compartments, however, the practical problem of consider-
ing a finite number of compartments was desired, Consequently, an iterative scheme was developed to
predict, approximately, the required pressures in a finite number of compartments by using the smooth

infinite compartment results. This procedure is describad n Subsection 2.1.2.

3.3 SUMMARY OF RESULTS OF TUBE CONCEPTS

Table 3-1 summarizes the results of required tube lengths and model transit times for the tube
concepts considered. The compartmented tube concept was a factor of 2 better than the ¢pen tube
concept on the basis of required tube lemgth. The time of model exposure for the compartmented tube
was almost a factor-of-4 better than the open tube concept. In view of these results, the compartmented
tube concept was selected to be best and was the concept used in al} subsequent calculations in this

report.
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Tube Length

Projectile Travel

Travel Time

Type (ft) (ft) (msec)
Open 2100 1400 >0
Closed <2000 (Eased on P reflected =

750 atm)
Combined -- - -
Compartmented 700 525 57
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This selection does not obviate the use of a compartmented tube design in the combined open/
closed tube wode which 15 described in Subsectinns 3.1.3 and 3.7.3. The comhined mode should yield
behavigr which {s approximately analogous tn that obtained with a compartmented tube with only two
curnf)-artments. but with no need for the valve between compartments. This mede of operation might be

considered at some later time, for it appears to have some operational advantages.
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SECTION 4
TECHNIQUES FOR ASSESSING MODEL DAMAGE

A major part of this study was directed at predicting the Tevel of model damage during re-

cavery. The analytical techniques used to compute model damage are discussed in this section.

As indicated in the introduction model damage during recovery was expected to be due to

three principal causes:
¢ ablation
¢ structural loading
¢ material property changes.

A quantitative evaluation of the above phenomena requires calculation of model thermal and struc-

tural response 1n both the range and in the recovery tube.

The calculation of model thermal and structural response is, in turn, dependent an a whole
chain of physical phenomena which occur during recovery. The key elements in this chain of phen-
omena are illustrated in Figure 4-1. The rest of this section gives detalled descriptions of the

analytical techniques used to model these key phenomena affecting madel damage.

4.1 GAS AND MODEL DYNAMICS

A brief description of the operating principles of a compartmented recovery tube (which is
the type considered here) was given in Section 3. Prelimipary evaluations of that concept were
made using a modeling technique which neglected certain wave 1nteractions and assumed an infinite
number of valves. 1In this section a more exact calculation for compartmented tubes with a finite

number of valves is presented.

The system evaluated 15 ane dimensional in space, and considers the time dependent behavior
of a high speed piston in a tube. The analysis is that of Reference &, which is outlined briefly
here. The independent variables are positioned along the tube (x), and time (t), while the primary

dependent variahles are gas velocity {u), pressure (p), and specific volume (v} or density.

42



£V

GAS & MODEL

DYNAMICS IN

TUBE

MODEL
CONVECTIVE
HEAT & MASS
TRANSFER
BOUNDARY LAYER

TRANSIENT HEAT

CONDUCTION & SUR-

FACE ABLATION

STRESS
CALCULATION

RADIATIVE
HEATING TQ
MODEL

Figure 4-1.

Key elements of model damage evaluation.

SLI-8L-HLI-DAay



AEDC-TR-76-115

4.1.1 Analysis
An element of mass provides a conveniant reference frame for writing the appropriate conser-
vation equations. In differential form, conservation of mass, momentum and energy are expressed,

respectively, as:

av/at = vaufax {a-1)
3u/at = -vap/ax (4-2)
3e/3t = -pav/at {4-3)

In Equation 4-3, e represents specific internal energy which is
e = pv/{y-1} {4-4)

far a perfect ideal gas,* where ¥ is the ratio of specific heats.

This system of differential equations tacitly assumes the ftow field to vary continuously
with respect ta time and position. Thus, the system will not carrectly determine the virtual dis-
continuities associated with shock fronts. The situation is corrected by including an artificiai
viscous mechanism in regions where compressions are tending to become shock front discontinuities.
This mechanism insures that shock fronts will be relatively narrow zones (as compared to the scale
of the flow field) of continuous change. While this shock structure does not conform to experi-

mental observations, the state and flow properties outside the shock zones are predicted accurately.

The viscous mechanism {n) is a function of velocity gradients present in compressive

regions:

_ 0, if av/dt or dufaxz 0
= ] s
%— [CL viv | %:—dx | + (¢, -—a: d:)z] , otherwise fa-5)

C and CQ are constants of an order of unity, selected sp as te minimize the shock front zores.

|1
The parameter, m, has the dimension of pressure,

Hence the conservation equations are modified to include the artificial viscous mechanism,

Replacing p with P, where:

* ] » - *
Perfect ideal gases are assumed For all evaluations of model/shock dynamics within the tube.
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Hence, the conservation equations are modified to include the artificial viscous mechanism.

Replacing p with P, where:

P = pir (4-6)

leads to modified forms of Eqs. 4-2 and 4-3:
Ju/at = -wdPfax {4-7)
defat = -Pav/at {4-8)

However, since e is a state function, Equation 4-4 is not modified,

The kinematic relation between position and velocity is a consequence of differentiation

along mass element paths, that is:

u = ax/at {(4-9)

It is included as an auxillary equation,

The nitiat, boundary, and auxillary conditions define the recovery tube configuration. The

initial conditions are:

p1 = p(n’l} {4“10)
vy = vlo.x) “{4-1)
u, = ufo,x) {4-12]

The auxiliary conditions partition the tube at x = £j(j=l. 2, +++, n-1) into n chambers:

= (s R = i = y Eey - '1

The times tj {(j =1,2, »«-, n-1) are the instants when the initfal shock front, generated as the

piston enters the tube, reaches the partitions at kj(j =1, 2, see, n-13.
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Model dynamics provide the closure condition for the system, Initially, the model velocity
(um) is:
uy (0,0} = uy (4-14)
Subsequently, from Newton's law (ignoring frictional effects)

dE,:m(t,r')].fdt = -p(t,r)A/m (4-15)

where r is the made! position {xmodel}‘ A is the cross-sectional area of the model, and m is model

mass.

A high-speed digital computer numerically generates the generalt solution:

U= o(t,x) {4-16)a
p = plt,x) {4-16)b
v o= vit,x) {4-16)c

Contained within the general solution are the local conditions at the model; these include model

velocity history:

um(t) = u(t,r) {4-17)
and model pressure loading history:

p,{t) = p(t,r) {4-18)

4.1.2 Selection of Compartment Pressures

1t is cobvious that considerable freedom exists in the choice of compartment locations and
pressure levels, !t is also apparent that suboptimization within a given general configuration
{e.g., number of compartments) is desirable in terms of maximizing benefits (or minimizing prob-
lems). However, the degree of optimization in this study is necessarily restricted to evaluations
of general configurations. Thus, a scheme was developed to select compartment parameters which
was deemed applicable to all general configurations, and at least systematic. No attempts were
made to imprave the definition of compartment parameters in response to the consequences of the

selections as revealed by the gas/shock dynamics analysis results.
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The procedure employed for these selections 1s outlined below,

1. Assume the principal shock Mach number and pressure ratio variation along the tube (x)
Wwith a finite number of compartments 1s the same as that derived from the fnfinitesimal

compartment analysis of the previous section.

2. Select a compartment pressure Py SO that the pressure behind the shock {1s equal to
p2 + A& as the shock enters the compartment. Fz is the pressure behind the shock at the
same location, obtained in the infinitesimal compartment analysis.
, . Pp - A& . .
3. Find the shock location, Xg s where —EE?ET =0 (this lecation is found by iteration}.

This location is established as the downstream end of the compartment being defined,

and the beginning of the next compartment.

4, Returm %0 step 2, and continue developing compartment pressures and locations until the
downstream end of a compartment exceeds the shock locations {xsf) n the infinitesimal

analysis that exists when the modet velocity is reduced therein to 1000 feet per second.

B. Revise A, return to the begirning of the tube, and proceed through the selection of
rompartment locations and pressures. Continue to redefine A as necessary to obtain the

condition where the last of the correct number of compartments has its terminus at Xeg

The resulting data are then input to the tube gas dynamic analysis described above, However,
the last compartment 1s allowed to be as long as necessary to accomplish the completion of model
deceleration {= 1000 fps) without interference on the model of compression or expansion waves off

2 closed or open tube end, respectively.
4,1.3 Example Results

Figure 4-2 presents a schematic description of the wave structure within a three campartment
recavery tube. The principal shock, C], is generated upon entrance to the tube. The strength of
this shock 15 modified as it impinges on the higher pressures existing in the second and third com-
partments. It continues to be transmitted downstream and eventually emzrges from the downstream end
of the tube. The valves located at the downstream ends of the compartments are assumed to open
instantaneously when the mass element just upstream of the vzlve experiences a pressure rise. This
epening causes inecident shocks to be generated (Cz, and subseguently Ca) which eventually reflect
off the model (CZR' and subsequently C3R). At same point, Czp and 53 interact, and reflected
shacks may avertake the principal shock. These interactions may cause extraordinarily high pres-

sures to exist within the tube. The number of incident/reflected shock interractions is:

47



Figure 4-2. Model/shock dynamics — morphology.
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where n is the number of compartments

n-2

AEDC-TR-76-115

{4-19)

TABLE 4-1. NUMBER OF SHOCK INTERACTIONS
No. of Incident/ Number of
No. of No. of Principal Reflected Shock Reflected Shock/ Total Possible
Compartments Shock Interactions n-2 Principal Shock Shock

n n Interactions % m Inte:??tions Interactions
1 1 0 0 1

2 2 0 1 K|

3 3 ] 2 6

4 3 3 10

5 5 6 4 15

6 € 10 5 21

7 7 15 6 28

8 8 21 7 36

9 9 28 45
10 10 36 9 55

As shown in Table 4-1, the number of possible interactions increases remarkably with number

of compartments,

The strengths of these interactions are mitigated somewhat by the Teft traveling

rarefaction wave, Hl. which is formed at the time that C1 emerges from the down stream end of the

tube (Figure §-2}, and by the right traveling rarefactions which emanate from the model.

However,

the probability of multiple &rd undesireable interactions occurring at the same position along the

tube at any given time is high with a large number of compartments.

Figure 4-3 presents typical model and wave dynamic results for a 5 compartment tube. The

wave diagram on the upper right of the figure shows the model and principal shock trajectories, as

well as the incident shocks originated by the cpening of the compartment valves (the shocks re-

flected off of the projectile are not shown).

The compartment pressures, and the computed pres-

sure distributions within the tube for two times are shown in the lower right hand part of the

figure.

left hand portion of the fiqure.

The history of projectile velocity and projectile face pressure is shown in the upper

The tube pressure distribution results show that peak pressures within the tube occur far

ahead of the model.
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example, the peak pressure 1s nearly 1200 asmospheres. However, the region of the tube over which
these high pressures act is relatively small {see the 5 compartment results in Figure 6-4). The
cause for the high pressure is the coalescence of the Cop wave with the principal shock,* which
approximately coincides in time with the interception of the principal shock with the entrance to

the last compartment.

As indicated earlier, no attempts have been made to eliminate these high pressures. Rather,
outputs frem the calculations were scanned to establish duration and locaticn of peak pressures,
and tube strength characteristics were modified Tocally as necessary. This approach was dictated
by the nunber ef interactions that must be considered in order to improve matters. The associated
effort is beyond the scope of the project.

4.2 MODEL COMVECTIVE HEATING

Convective heating of the model during recovery was anticipated to be the primary root cause

of model damage. Thi; was expected because convective heating leads to:
o Thermochemical ablation
o Thermal stresses causing structuval loads
» High indepth temperature causing material property changes
For these reasons significant effort was dewoted to determining convective heat transfer levels.

The problem of calculating model convective heat transfer in a recovery tube can be divided

inte three subproblems as follows:

¢ [Definition of flow regimes (temporal and spatial) in the region between the model and

the shock wave
# Evaluation of the flow field near the model using the flow regime definitions

+ Evolution of the boundary layer over the model using the flow field near the model as

2 boundary condition.

The follewing sections describe the analysis of each of these aspects of the model heating problem.

® . . .
This coalescence can be seen in the pressure distribution at 28.73 msee in Figure 4-3, signified
by the high pressure plateau of about 650 atm.
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4.2.1 Evaluation of Tube Flow Regimes, Characteristics

Flow characteristics over the model while it is in tube are quite time dependent. These
flaws can be characterized in part with the aid of Figure 4-4. {Velocity vectors shown therein

are gas velocities relative to the model).

Early Times

Priar to model exit of the range, the valve at the upstream end of the first compartment
will be opened. The shock that is formed by this event propagates toward the model and may estab-
1ish a quasi-steady flow over the model. The flow will be similar to the conventional) flow within
the range, but with augmented velocities (relative to the model} upstream of the madel bow shock
due to the passage of the valve-opening shock (these effects are ignored for evaluations of range

flight behavior}.

At valve opening time, a centered rarefaction wave propagates into the tube at sonic velo-
city, causing the affected flow within the tube to be accelerated toward the model. Subsequently,
the madel fully enters the tube to position xp. causing the cessation of rearward flow over the
model {since the model completely fills the tube cross section), and initiating a shock ahead of
the mode) (shown at position xs). Once this principal shock overtakes the previously established
rarefaction wave, the gases ahead of the shock approach the model at model velocity (i.e., these
gases are quiescent upstream of the shock). The principal shock establishes a motion of the tube
gas in the same direction and approxzimately the same magnitude of velocity as the projectile.
However, the boundary layer which is continuously initiated at the shock retards the motion of
the tube gas near the wall, causing the gas at the wall to move toward the model at model velocity.
The amount of gas affected by the boundary layer grows with time, both due to increasing separa-

tion of the principal shock from the madel, and the time dependent growth of the boundary layer

toward the tube centerline.

This boundary layer flow must be re-accelerated to model velocity as the model traverses
the tube. Continuity requirements dictate flow forward on the model, and the mass of this reverse

flow increases with boundary layer thickness ahead of the model.

Intermediate Times

Eventwally, the boundary layer becomes fully develcped behind the shock, at plane 3 indi-
cated in the center sketch of Figure 4-4. The boundary layer developing region between the shock

gnd plane 3 is designated as Region I. To the left of Region I is a region characterized by fully
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developed viscous flow over the entire cross sectfon, designated Regian I7. The extent of this
region, once it is established, grows monotonically with time as the shock moves away from the pro-
jectile. [ts boundary close to the projectile, plane 4, {s defined as the closest plane to the
model where the gas welocity distribution across the cross section is undisturbed by the proximity
of the projectile. The final Region II1 between planes 4 and 5 is the mode! near flow field. This
is characterized by rather extreme axial and radial velocity variations which are strongiy infly-
enced by the existence of the tube wall and model surfaces and their zero slip boundary conditions,

and the nature of the flow emerging from Region II,
Late Times

Eventually, fncident shocks which are created by the partitiens or reflections off a closed
end of a tube disrupt the flow described at intermediate times. The sketch on the bottom of Figure
4-4 represents the most severely disrupting case that would exist: within a closed tube {either by
design, or by cemplete failure of a valve to open at the entrance to one of the compartments). The
state shown in the sketch describes conditions after the incident shock has 1) reversed the flow
(yielding the velocity profile shown on the right of the figure); 2) reflected off the model causing
a momentary reversal of flow over the model; and 3) reversed the flow again due to the action of

the shock reflected off the model, which is the shock shown in the sketch,

It is clear that a complete and accurate description of all of these detalls is well beyand
the state-of-the-art of flund mechanical predictive technalogy. Thus, the procblem must be simpli-
fied in order to obtain a practical solution. Accordingly, certain evaluations employed in this

study to achieve this end are described briefly in the following paragraphs.

It is worthwhile to evaluate the length of Region I during the intermediate timg regime,
The analysis of Reference 7 is employed to evaluate the growth of the boundary layer behind the
shock. In this reference, a generalized integral momentum equation is written to include time
dependent terms and moving wall boundary conditions. The details of the analysis will not be
described here. However, the variation of momentum thickness (as defined therein} with distance
away from 2 moving shock can be approximated by adepting a coordinate system attached to the
shock, and assuming the flow 15 steady in that coordinate system {consistent with the analysis of
Mirels, Reference B8). The coordinate transformation is shown in Figure &-5, and the appropriate

tntegral momentum equation is {Reference 7)*

*This equation differs from that of Mirels which does not include all of the necessary terms.
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C
d8 _ f
R (4-20)

]

The parameters 0, G, and Cfl2 are developed in Reference 7 through transformation of conven-
tional relations appiicable to 1/7 power turbulent velocity and stagnation temperature profiles.

The solution to Equation 4-20 is

u
0.037 (WE) {4-21)

Evaluating Equation 4-21 cut to the distance away from the shock where the boundary layer

thickness equals 1/2 of the tube diameter, the length of Region I is defined:

Ax v diV
i G o -
L= 0.8 (‘J ) (4-22)
for
u
6~ 1.3, %- 0.09, B = ;f—l-c = .75 for helium)

Evaluation of Equation 4-22 for a gas particle velocity (up) of 20,000 feet per second, helium
shocked to 500 atms, and an 8 inch diameter tube yields a length of Region 1 equal to about 40 dia-
meters. Assuming that the intermediate time regime is established at the inception of Region IT
{i.e., the distance between the shock and the body consfsts only of the boundary layer development
region and the near field region which is assumed to be 10 diameters), the projectile traversal dis-

tance at the inception of the intermediate time regime is:

11
A%

x —

B . Z 4 . 150 (4-23)

d "
U—-T
P

for
AX Ax Ax [}
I IL .o, 5” =10, 2= 078
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The corresponding flow establishment time (span of early time behavior) becomes:

X
t, =24 =57 me (4-24)
U
for Ap

X
L9 =150, d = 8", y o = 183 kfps, a = 10*g's

d p
The flow establishment time is small compared to the model decelevation time {Figure 4-3,
At = €0 msec). Also, the amount of gas which undergues flow reversal over the model is maximum when
the boundary layer is fully developed (to and later), Consequently, 1t appears conservative to ig-
nore the details of the flow during early times in favor of using results which are applicable to

intermediate times.
Certain non-varying elements exist during intermediate times. For example:
e The gas along the tube wall always approaches the model at model velocity
¢ The length of the near field region is probably invariant with time

¢ The velocity profile emerging from Region 11 can be characterized as that resulting from

fully developed turbulent viscous flow
» The lengths of Regiens [ and IT are not important during intermediate times

Thus, it seems reasonable to presume that during fntermediate times the model convective en-
vironment is guasi-steady in a coordinate system which moves with the projectile. This {s the model

empleyed herein,

Flows during lTate times can be complex in the extreme. However, 1t is believed that none of
the incident shocks which are formed are sc strong as to cause complete reversals of gas flow direc-
tion, as ;ould happen if the incident shock were formed by virtue of a reflection off a closed end.
Thus, 1t is probable that the disturbances of gas velocity profiles emerging from Region 1I are not
great due to the incident shocks, although gas density disturbances will be significant., According-
1y, i1t is convenient to presume that late time flows over the model can also be reasonably represent-
ed by using results of an analysis of the intermediate time flow field behavior which {s described

in the next subsection.
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4.2.2 Evolution of the Flow Field Near the Model

4.2.2.1 Quasi-Viscous Near Field Evaluation

In spite of the significant reductions of problem complexity suggested above, the flow be-
havigr near the model cannot be accurately characterized emplcying available computational proce-
dures. What is needed is a complete solution of the Navier-Stokes equations employing satisfactory
representations of tha turbulent eddy viscosity and conductivity relations®. Lacking adequate pro-
cedures for solving the full Mavier-Stokes equations, an estimate of the near field flow was made
by solving the inviscid and viscous solutions decoupled. The rationale for this approach is that
near the body the pressure field is probably dominated by inertial forces, and the inviscid solution
is used to cbtain a solution for the surface pressures. The pressures are then used as input to an

approximate boundary layer solution to estimate the mode! heat transfer rates.

What is needed is the inviscid solution to the flow field sketched in Figure 4-6a in which
tne fiow across plame BC is known, There were no known existing procedures for solving such invis-
cid flows, but the flow field i5 quite similar to that of a supersonic blunt body. Figure 4-6b.
Therefore, the solution of the recovery tube inviscid flow field was obtained by modification to a

computer code developed far solving the blunt body prablem.

The code which was modified is a derivative (Reference 11) of the work of Maretti and Abbett
in which the steady state blunt body flow field is obtained as the time asymptotic solution of a
transient flow. The transient solution stabilizes to the correct steady solution bacause appropriate
steady state boundary conditions are imposed on the transient solution. For the blunt body probiem,
these are the specified steady free stream flow variables. For the recovery tube problem, they are

the inflow conditions along CE and the pressure across BC, Figure 4-6a.

To apply the blunt hody code to the recovery tube problem required modifying the calculations
along the entrance boundary, B'C', and the outfiow boundary, C'D', Figure 4-6b. The latter calcula-
tion was replaced by a calculation for a fixed, impermeable wall. The wall pressure was calculated
using a quasi-one-dimensional method of characteristics calculation {c.f. Moretti and Abbett, Refer-

ence 12}.

Modifications to the inflow boundary calculation [B'C', Figure 4-6b) were somewhat more com-

plex and follow the procedure developed by Abbett (Reference 13). Basically, along CE the entrance

*

Attempts uader this program to apply the lamindr sclution methodolegy of Reference 9 to this prob-
Jem presented major difficulties. Although solutions are believed possible using an adaptation of
an existing tube flow code (Reference 10) the requisite development effort was deemed beyond the
project scope.
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Figure 4-6. Schematic of inviscid flow field soiution procedure.
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flow is specified ard the Rankine-Hugoniet shock jump conditions appropriate to the blunt body prob-
lem are replaced with the condition that during the transfent solution only positive or zero entropy
changes are permissible across the entrance flow boundary. (Detzils of this entrance flow modeling

are given in Reference 13).

The inflow velocity and temperature profiles are derived through the assumption of adiabatic
flaw and /7 power velogcity profile, and by requiring the exit flow in Figure 4-€ to equal the inflow,

as required by the assumption of steady state

- r 1"’7 -
ugrg = u [1 - A (- F)Johere & = & tu, 1) (4-25)
] uf, .4 i
TC._E-TEJ«E;(up 2) (4-26)

It can be seen from Equation 4-25 that the flow at the cenierline of the upstream boundary is
away from the model. Consequently, the gas velocity on an absclute scale exceeds the model velocity
somewhat, as a direct consequence of the viscous action upstream of the model. Pressure is specified
as being uniform across the upstream boundary. Gas velocities and temperatures within the exit flow

zone are actually computed by the code.

A brief comment on coordinate systems i5 in order. The blunt body code utilizes a spherical
polar coordinate system (Figure 4-6b) while the tube wall and centerline are exactly parallel. In
making calculations for the recovery tube, the origin of the spherical polar coardinate system was
selected so that the angle between the tube wall and centerline in the computational model was equal

to 0.04 degrees.

Typical results from the calculation are shown in Figure 4-7. Several noteable features of

the solution include:

e Calculated velocities in the exit flow agree aimost exactly with those camputed from the
application of Equation 4-25 to the exit flow region. This is auite satisfying in view

of the elliptic nature ¢f the flow and the features noted beTow

¢ Temperatures {and densities) do not agree with those inferred from Equation 4-26, and can-
not without considering diffusion effects (which are ignoved, by definition, in an invis-

cid analysis)
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8 The model causes a rapid decay of velocity along the wall. once the zero slip boundary

conditian 15 velaxed {as required by the inviscid assumption)

» Inviscid qas velocities along the body are anly a small fraction of the upstream wall
velocity (projectile velocity), due largely to the requirement that the Flow stagnate
both at the juncture of the model and the tube, and at the model "stagnation" point,

{Velocities along the surface of the model are presented in axpanded form in Figure 4-11).

In spite of the simpiifications and shortcomings of the analysis, it is believed that the

velocity results are reasonable,

Referring now to Equation 4-26, it can be seen that in adiabatic flow the peak temperature is
at the wall, a necessary result of energy conservation in response to viscous shear at the wall.
The gas will adhere to the wall at high temperature and be raised to an even higher temperature
when it i5 transferred to the projectile, by virtue of the wall gas kinetic energy relative to the

model. Thus, the maximum recovery temperature the model sees is

u ?
Ta= T, +2 (2—%—) (4-27)

compared to T2 1f the gas behind the shock had not been required to adhere to the tube wall. Thus,
viscous effects are not only responsible for gas flows along the mode! (creating a forced convection
heating eavironment) but they are also responsible for creating high driving potentials for heat

transfer.

Up to this point, 1t has been convemient to ignore mode! deceleration and other effects inso-
far a5 they give reason to require a distinction between particle welocity behind the shock, and
projectile velocity {(both taken as up). However, these distinctions do exist and must be accounted
for to evaluate recovery terperature. [It 15 assumed that these distinctions are not necessary re-
lative to computed gas velocities over the model, providing they are scaled with projectile velocity
as suggested by the format of Figure 4-7). The procedure for accounting for these effects 15 out-

Tined in Figure 4-8 and described below,

¢ The principal shock compresses the gas to s T2, and u, at a position x along the tube,

at a time t'

¢ The gas is 1mmediately stagnated at the tube wall where 1t attains a stagnation temper-

ature, th(tj
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# The gas stays on the wall, and is subjected to pressure changes duge to wave actions within

the tube. Consequently, the gas temperature changes, isentrcpically by assumption.

¢ Finally, the model passes over the position x at time t, where the wall gas temperature
at the pressure acting on the model face is zugmented by the kinetic energy of the wall

gas relative to the model (upzfch)

In this way, the unfavorable recovery temperatures at early times during the recovery are off-
set somewhat by favorably low temperatures in the later phases of model motion. The maximum computed
recovery temperatures are certainly conservatively high, due both to heat transfer to the tube wall

and to the vanishingly thin layer of gas that goes through these extreme processes.

When required, real gas temperatures have been estimated by evaluating Mollier chart data at

the ideal gas enthalpy (CPT} and the Jocal pressure.
4.2.2.2 Experimental Flow Visvalization of the Mear Field

Since the hypothesized flow is so unconventional, it was decided that an experimental verifi-
cation of the theorized features of the flow was worthwhile. Thus, a simple experiment was devised
as shown in Figure 4-9. In this experiment, polypropylene particles were suspended in a neutrally
bouyant solution of water and alcohol for flow visualization purposes. The model was held station-
ary, and the tube was moved relative to the model to simulate the motion of a model within a re-
covery tube. The analysis of Reference 7 provides technigques for evaluating the non-steady bound-

ary layer develcpment within the tube, subject to impulsive tube moticn at constant velocity.

The appropriate integral momentum equation for these conditigns is:

de
= (4-28)

u
_..H-_
—
3
—
(] i::
e
e
@
[ S
—
1
=

where m i5 squal to 0.5 and 0.2 for laminar and turbulent flow, respectively, and k1(m] is a constant
which depends primarily on m and secondarily on the flow boundary conditions. The solution of Equa-

tion 4-28 is of the form

w2ty ™
Fd_f= kz(m)(w\_, ) (4-29)
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Figure 4-9. Experimental flow visualization.
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where kp(m) contains appropriate values of G, &/0, etc. Equation 4-29 assumes the boundary layer is
either all laminar or all turbulent. Actually, the boundary jayer would start out laminar and become
turbulent at some critical Reynolds number on momentum thickness. This latter parameter grows in

laminar flow as follows:

Uwzt. Vz
Rey = kil —— (4-30)

Finally, the boundary layer would develop to the tube centerline (8/d = 0.5] to obtain fully

develoned viscous flow. The time required for this to happen can be estimated from Equation 4-29.

1
uw’t uwd T-m
v (ERQImiv (4-31)

Equations 4-30 and 4-31 have been evaivated for a 1 nch diameter tube filled with water,

yielding the follawing results:

s Fully developed laminar flow in the tube for

1/ d3\
t>—(ﬁ) = 16.6 sec, u < 2400

A%

= 0.31 ft/sec {4-32)

ajc

® Transitional flow 1n the developing tube boundary layer for:

Ul . 9.4 x10° (hased an Re, = 200} {4-33)
v trans

2
s For large HGE {large u?), fully develaped turbulent flow in the tube for:

1
t>2.5 % (%?)*'-:1.0 sec for u > 2.4 ftfsec (4-34)

From the above relations, 1t was determined that a & foot long tube was sufficient to provide
either fully developed laminar or turbulent flow within the tube subsequent to an 1mpulsive start of
motion. However, a tube velocity of approximately 1000 feet per second is required to simulate re-

covery tube Reynolds numbers, which was not feasible., In addition, Mach number is mot simuTated

with the scheme,
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Experiments were conducted with a glass tube 5 feet in Jength, Photos of the flow behavier
are presented in Figure 4-10 for both a flat piston, and a sphere-cone model. The flat piston
results show flow generally as expected, i.e., particles follow the tube motion and reverse flow
direction near the model, The flat piston results in Figure 4-10a show 2 region near tha center of
the model which is devoid of particles. This was presumed to be as a result of separation of the
baundary layer which forms along the model surface, This postulate was verified with the sphere/

cone model where a tip vortex is noted (left hand side of Figure 4-10b).

4.2.3 Model Boundary Layer Analysis

4,2.3.1 Attached Flow Convective Transfer Coefficients

For this study, the boundary layer heat and mass transfer coefficients have been assumed to
be equal. In the attached flow regions along the model, they have been evalyated employing the in-

tegral energy baundary layer selution methodology described in Appendix A of Reference 14.

The configuration being analyzed is as shown in the following sketch.

VARV SN A A S S A A A R A R Y /S

!
e [~ X T{f\— —u, P, |pShock
R

Holder -—a——0 ——am Nosetip

The boundary layer enargy equation is:

' dirp_u }
¢ Pale” , & = ¢, B (4-35)

dx rp U dx [hr - th' dx H by

where ¢ is the boundary layer enthalpy thickness and CH is the Stanton Number, which for turbulent

flow is taken as
5
&7 % b
Ty = 0.0309/Pr (peue¢fu°) 5 (4-36)

The splution of Equation 4-35 is presented in Equation 4-37, under the assumption of -0 at
the tube/model juncture (the origin of the baundary layer integration), and employing the following

simplifications:

&7
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=psuw =piPr=1;h - hw = constant

(rou)® 1
o u
¢ = ?_5037 ee 4 (4-37)
ee |0 fpu Y
Mg

Equation 2-37 has been evaluated for the computed inviscid velecities along the model; for
densities evaluated at the recovery temperature and model face pressure; and for viscosities eval-
uated at the recovery temperature. The inviscid velocities and non-dimensional heat transfer co-

efficients are presented in Figures 4-1la and 4-11b, respectively.

Since the model cone angle was held cnﬁstant for a1l tube diameters considered, the results
in Figure 4-11 apply to all tube diameters up to the point of flow separation near the model stagna-
tion point. Furthermore, the heat transfer coefficient results are applied at all times during the
model deceleration phase; for all model velocities, recovery temperatures, and model face pressures.
The locations of the holder/nosetip interface and boundary layer separation peint shift on the

figures for tube diameters differant from 8 inches.

The baundary layer separation point 1s defined as that experimentally observed on the base of
spheres — 108 degreas from the sphere stagnation point which is 72 degrees around the spherical

nocsetip from the model stagnation point.
4.2.3.2 Convection in the Separated Region Near the Model Stagnation Point

The flow along the model is not only highly unconventicnal, but boundary layer separation must
occur near the model stagnation point for the same reasons that flow separates in the base region of
a sphere, Since heat and mass transfer 1n turbulent separated regions cannot currently be calculated
accurately from first principles, and since no directly applicable data exists for a high speed model
in a recovevy tube, available heat and mass transfer data behind spheres were evaluated and modified

to suitable form for this problem. |

A fairly large body of data relating to convection in the bases of spheres has been correlated
in Raference 28. Considerations were given to the effects of freestream turbulence, and under con-
ditions of suberitical (Taminar) and supercritical flows {laminar 1ike attached flow, turbulent

flow n the separated region and the wake}. The basic correlation is of the following form:

W
s = A(g‘;'l)m" + [BaglagsC)o6]re, & prt (4-38)
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where the Frissling number, Fs is

Nu-2

ko @

and

Nu = Nusselt Number
vy @ kinematic viscosity at the sphere surface
u_d
Rem=_.\.)...
o
oz
a = apparent level of freestream turbu]ence.\i&;-

freestream conditions upstream of the sphere

The coefficients A, B, C, and D are tabulated functions of angle around the sphere, and depend upon
whether the flow is subcritical or supercritical. For supercritical flows, the contributicns of

the B and C terms can be 1gnored.

The correlation was modified herein in order to base the results on conditons at the point of
separation (which can be computed for sphares and for the mode) in the recovery tube) rather than
the freestream conditions which only make sense for the sphere. The BLIMP boundary layer code
(Reference 15) was used to evaluate the laminar momentum thickness Reynolds numbers at the point of
separation for a sphere immersed in an infinite stream, using as fnput the potential flow velocity

distribution around a sphere

u
GE = 35;“ 2 o measured from the forward stagnation point (4-40)

The BLIMP output was correlated with the relation:

%
Rey . = 0.581 Re, (4-41)
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The heat transfer coefficient based on properties at separation can be evaluated with the afd

of equations 4-38 and 4-41, the assumption of unfty Prandt] number, and the fact that Nu »>> 2 for

supercritical flow:

_ = {406
H= ps"scH's = (—;.-q-—'ﬁl + 0.7[}) PgUg {4-42)

TABLE 4-2. COEFFICIENTS OF EQUATTON (4-42)

Body Angle (Degrees) A D x 0%
113.6 0.84 9.0
126.9 1.3 13.8
143.1 1.10 5.5
180. (stag.pt.) 0.1 37.4

The appropriate ceefficients A and D from Reference 28 are tabulated in Table 4-2. The
Stanton Wumbers based on separation point properties are presented inm Figure 4-12, based on linear

vartations of the coefficients with cosa and the data of Table 4-2.

In order to evalvate the momentum thickness Reynolds number at separatfon, Re ' it has been

8
approximated as equal to the enthalpy thickness Reynolds numbers evaluated from the attached flow

heat transfer analysis of the previous subsection. This assumption together with the data at the
separation point in Figure 4-11 yields:

p_u R, \"®
Re,  ~ .0086 e pt (4-43)
» ue
which is equa) to approximately 100C for the representative data presented in Figure 3-11,

It is noteable that:

e Stagnation point (180 degree} Stanton Numbers in Figure 4-12 are approximately indepen-

dent of the Reynolds numbers at separation
¢ Stanton Numbers are on the order of those expected in turbulent flow { 1-3x30-3)

¢ Separated region heat transfer coefficients at a given position on the nose are approxi-

mately proportfonal to the boundary layer edge mass flux at the point of separation.
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¢ The heat transfer behavior on the nosatip during the recovery process 15 dominated by

turbulent, viscous phenomena which are complex in the extreme and subject to a good deal

of uncertainty,

4.3 RADIATIVE HEATING TO MODEL

Radiative heat transfer from the shock layer to the model surface may be significant depend-
ing upon the type of gas and its thermodynamic state. The predictions of the radiative fluxes are
usuaily quite complex, For any quantitative prediction, a knowledge of the frequency dependent
radlative properties of the participating species, the gas temperature, and the species composition

1s required.

The spectral adsorption coefficient is the frequency dependent radiative property which is
used in caleculating the radiation transport. These coefficients are made up of contributions from
the allowed radiative transitions asseciated with the constituent spacies of the gas mixture, The
continuum contributions to the absorption coefficient include transitions associated with atomic
photoionization, photocdetatchment, molecular photoionization and photo-dissociation. The atomic

1ina transitions and the molecular band systems are also usuaily important.

The analytical model used to calculate the spectral absorption coefficients of high tempera-
ture gas mixtures in lacal thermodynamic equilibrium is described in detail in Reference 16, The
model accurately accounts for both the atomic and ionic Tine and continuum transitions for the gas
mixture. The above propaerties are used in a transport model to compute the vadiative heat fluxes
or fntensities along a line of sight or in a plane-parallel slab. The transport model employed
solves the equation of {radiative) transfer using a tangent slab approximation. This approach en-
ables a convenient formulation of the solution to the equation of transfer. The calculaticnal
procedure oytliped in Reference 16 has been automated and has been extensively used in computing
the radiative heat fluxes associated with probes entering the various planetary atmospheres at
high velocities. The detailed spectral absorption coefficients, intensities, and fluxes for a
given femperature, pressure, path length, and gas mixture compositfon are obtainable from the RAD/
EQUIL/1973 code (Reference 17).

Radiation calculations were performed for the two conditions summarized in Table 4-3.
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TABLE 4-3. SUMMARY OF RADIATION CALCULATION RESULTS
Gas Path Radiation to
Gas Temperature P?:i;?re tength Model
° (in) {Btu/ft? sec)
Helium 20,000 445 2.0 77
Air 25,000 445 2.0  20.000%
This can be considered as only an upper 1imit estimate.

These calculations represent upper limit estimations for the maximum radiative model heating rate 1in
cases where the recovery tube gas is helium or air, respectively. Tha calculations are extremely con-

servative because:

# The upper 1imit recovery temperatures calculated using the technigue described in Section
4.2.2.1 were used. {In reality, recovery temperature would be lower due to heat transfer

to the tube wall and the vanishingly thin layer of gas that goes through these processes.)

® A conservatively long estimate for path length was used, and it was assumed to be iso-

thermal at the recovery temperature,

¢ The initial value of recovery temperature was used. This 15 the maximum value and it

drops rapidly with time.

As Table 4-3 indicates, even with the extremely canservative nature of the calculation, radia-
tive heating in helium gas represents no problem. {It is small compasred to the convective flux).
However radiation in the air case may be a problem, but the current calculation is too conservative

to establish this.

To improve the radiative calculation for the air case would reguire a much more sophisticated
modeling of the entire recovery tube flow field and tube heat transfer. Such a calculation is be-
yond the current state of the art of computational fluid mechanics, and the problem is prabably

best handeled experimentally.

Assuming that alr would prove to be an impractical recovery tube gas the above radiation cal-
culations do show that helium could be safely used. Because it is small, radiative model heating
was neglected in the calculations that follow of model thermal response in helium Filled recovery

tubes.

4.4 MODEL HEAT CONDUCTION AND SURFACE ABLATION

The previous analyses described in Sections 4.1 through 4.3 provide input for the calculation

of model heat conduction and surface ablaticn which are potential damage modes. This section
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describes the tecknigue used for evaluation of these phenomena as well as the sequence of events

modeled and boundary conditions used.

4.4.1 Analysis Technique

The ablation and thermal response of the model was calculated using the surface energy bal-
ance and in-depth analysis portion of the ANAP (Aerotherm Nosetip Analysis Procedure) code (Refer-
ence 18. In this code the in-depth thermal response s coupled fully implicitly to the energy, mass,
and species conservation relations at the model surface to predict ablation and heat soak, The
sketch below illustrates the ablating surface control volume and the enerqy fluxes of interest. The

surface energy balance

Yen U hem rnd Yag
in out

I S S B

—
//l///////////_,/l

S R o

%ond,

Sketch of Surface Energy Balance Control VYolume
and Energy Flux Terms

equation employed 15 of the convective transfer ccefficient type. The energy balance equation takes

the following form:

T

W
Py Hy = M) + P Cy [:E:f=$e -y - B'h;] - %ond ¥ %Orad - Fo5,Ty = 0 (4-44)
—— " —— Tl e,

Q5en Uhem Ypad Urad
in out

The usefulness of this formulation has been demonstrated by successful application to both data and
"exact" salutions in simple heat or mass transfer prodiems, and in combined heat and mass transfer
problems for unity {or near unity) Lewis number. Descriptions of the individual terms 1in the energy

balance equation are as fallows:
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q = represents the sensible convective heat flux.

sen
Yepem ~ FePresents the net amount of chemical energy fluxes at the surface. The z*-differ-
ence term represents transport of chemical energy assoclated with chemical reaction
of the wall and {n the boundary layer. The z* terms are calculated perametrically
by thermochemistry codes such as the ACE [Aerotherm Chemical Equilibrium) code,
(Reference 19} using JANAF thermochemistry data. The B'h" term reprasents energy

Teaving the surface in gross motion (blowing) of the gas adjacent to the surface.

9and — is the heat conducted from the surface to the in-depth material. This flux is related
te surface temperature and recession rate by the solution of the in-dept heat conduc-
tion equation which is sclved numerically by an implicit/explicit finite difference

orocadura.
Grad ~ is the incoming radiation .

q — is the outgoing radiation.

rad
aut

The indepth analysis portion of the ANAP code solves the transient two-dimensional heat con-
duction equation for an axisymmetric nosetip. It uses a dual orthogonal conduction grid technique
to accurately model both the high temperature gradients near the surface and the shallow indepth

gradients. Temperature dependent materia) properties are accounted for,

4.4.2 Sequence of Events Modeled

Because af the transfient nature of the conduction problem the entire preheat, launch, flight,
recovery and cool down sequence described in the introduction must be modeled in the thermal analy-
s1s. The specific boundary conditions for each of these events are described in the following

paragraphs.

Preheat and Launch

Preheat was assumed to be accomplished by a uniform radiative heat flux of 700 Btu/ft2-sec
for & seconds which brings the surface temperature to about 4500°R. These conditions are felt to
be realistically achievable based on current technology, even though n¢ specific hardware currently
exists to accomplish this. Free convection under these conditions was calculated and found to be
negligibly small. Thus, no significant ablation occurs during preheat. It was assumed that no

material is lost during launch.
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Range Flight

The range flight portion of the test sequence was modeled using the coupled shape change com-
putational procedure employed in the basfc ANAF code {Reference 18). In this procedure the bow shock
shape and surface pressure distribution are calculated from correlations. These are then used as in-
put to an integral boundary layer technique for calculation of heat and mass transfer coefficients.
Transfer coefficients are used in the surface energy balance along with parametric thermochemistry

salutions for graphite ablation in air to calculate ablation rate and surface temperature.

As far as the freestream environment is concerned it was assured that constant pressure sag-

ments in the range could be made short enough to closely approximate reentry flight.

Recavery

Boundary conditions for the thermal response during recovery come from the analysis described
in Sections 4.1 through 4,3, Specifically, boundary layer edge recovery temperature and pressuyre
come from the shack/dynamic calculation described in Section 4.1. Heat and mass transfer coefficients
(they are assumed equal) come from the model boundary layer analysis covered in Sectfon 4.2, Radia-
tive heating to the model {for recovery in a heljum filled tube) was neglected as dictated by the

radiation results of Section 4.3.

These input were used in the surface energy balance along with graphite ablation in helium

rarametric thermochemistry selutions to calculate ablation rate and surface temperature.
Cooldown

The cooldown portion of the test is similar to the preheat in that heat transfer occurs pri-
marily by radiation. Again, this is due to the negligibly small size of the free convection term.
And, as with preheat, no significant ablation accurs during cooldown,

1.5 STRUCTURAL RESPONSE

Hosetip structural failure under loads is a potential damage mode. Stresses which could

cause structural damage to the model are induced by four types of Toading:
& Indepth temperature gradients
® Surface pressure
¢ Inertial load

¢ Impulsive load

79



AEDC-TR-76-115

Time dependent indepth temperature gradients are produced by heat transfer in flight, recovery and

cooldawn. Surface pressure during recovery may reach levels many times those experienced in flight.

The inertia load is a dynamic load due to surface pressure. If the surface pressure is ap-
plied suddeniy, an impulse effect may be produced, and stress waves will travel in the nosetip mater-
ial. The stresses generated by these stress waves may be many times higher than that of a static
leading case. However, an approximate calculation using the one dimensional stress wave egquation
indicates that the impulse effect {s negligible for these conditions, sinca the natural period of
vibration is much smaller than the duration of surface prassure change (10°% seconds versus 10°°

seconds).

Structural calculations were performed with the Aerotherm DOASIS code (Deformation, Plastic,
Orthotropic, Axisymmetric Solution of Inelastic Solutions, reference 20). [t is a very general
two-dimensfonal finite element program used predominantly to calculate the static nosetip response.
It has the capability of analyzing the etastic-plastic behavior of an axisymmetric seiid composed
of multimodulus, orthotropic materials with temperature dependent properties. Arbitrary axisymmetric

thermal, pressure, mechanical and body force loadings can be treated.

ATJ-S graphite was the nosetip material considered for the current analysis. The mechanical
properties for this material are outlined in Table 4-4 (fleference 29). The across-grain direction
is parallel to the 2 direction, and the with-grain direction is parallel to v-6 planes. Both ten-

sion and compression properties are given in this table.

3

The analysis procedure for using the DDASIS code is as follows:

1. Finite element grids for the DDASIS code are genecrated by a preprocessing program
MESHGN. The structural mesh is shown in Figure 4-13 along with the boundary conditions.

2. Tha external pressure loading and the deceleration rate were given from the dynamic
analysis descriped garlier. The temperature distributions as function of time were
received from the ANAP code. An interface cade TNAP interpolates and translates the

temperature field to the structural finite element mesh.

3. With this required information, the DOASIS code outputs stresses, strains and displace-

ments of every finite element.

4., To assist the engineer in evaluating the large amount of data generated, 2 post-processing

program, CONTUR, plots isostresses and isostrains.
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TABLE 4-4. MECHANICAL PROPERTIES OF ATJ-S GRAPHITE
Tension Compression
Te"mﬁﬁff“”e Er " Ee Ez vzr 2Br ”ez Er ) EB Ez Var Vor “62 GFZ : aT _-ua -uz-
{10 psi) |(10° psi) (105 psi) [{10° psi) {10% psi) |(10 Ein/in/°F)| (10 Sin/in/°F

70 1.67 1.15 [0.09 |0.110{0.131 1.4 1.05 |0.06525 [0.065/0.087| 0.5870 1.21 1.72
1000 1.70 1.17 }0.097(0.120]0.141 1.5 1.10 [0.07407(0.074]0.101; 0.6032 1.57 2.13
2000 1.76 1.25 |0.107|0.130(0.151 1.65 1.20 |0.08218(0.08210.113| 0.6421 1.92 2.47
3000 1.9 1.39 |0.116|0.140(0.159 1.95 1.40 ]0.08974|0.090)0.125| 0.7235 2.79 2.73
4000 1.67 1.22 ]0.125|0.150(0.177 1.75 1.30 {0.10029(0.70 0.135] 0.6426 2.4 3.00
5000 0.75 0.62 |0.162]0.177|0.196 1.15 0.9 0,20035 (0.20 |0.256( 0.3503 2.9 3.38
5500 0.5 0.43 ]0.180;0.190(0.2 0.8 0.65 |0.24944|0.25 [0.307| 0.2374 2.80 3.54
6000 0,34 0.32 |0.188/0.194|0.2 0.6 0.56 |0.31656|0.317(0.343| 0.1779 2.92 3.08
6500 G.196 0.183 0.193/0.197]0.2 0.4 0.37 |0.385 |0.385(0.403| 4.1070 2.99 3.76
7000 0.06 0.06 10.20010.200(0.2 0.14 0.14 ]0.45 0.45 |0.45 | 0.D358 2.7 3.49
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4.6 SUMMARY OF MODELING TECHMIQUES

A summary flowchart showing the entire analysis procedure is given in Figure 4-14. This
Figure indicates how the znalyses described in this section feed one another and ultimately lead to

cutput which can be used to assess model damage and afd in assessing system costs.

Results of model damage and system cost calculations using these procedures are covered in

Sections 5 and 6 which follow.
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SECTION 5
MCDEL DAMAGE CALCULATION RESULTS

Results of a matrix of medel damage calculations are presented in this section. The objective
of this matrix of calculations is to establish the laval {probability} of model damage for the most

severe values of interest of key recovery tuba parameters,

Section 5.1 presents the rationale for the matrix of recovery cases considered. Section 5.2

covers the thermal and ablation results and Section 5.2 discusses the structural results.

5.1 MATRIX OF RECOVERY CASES CONSIDERED

System sizing considerations presented 1n Section 2 indfcate that tube diameter and projectile
deceleration rate are two key parameters. Furthermore, analyses prasented in Section 4 show that thera
is significant uncertainty in the calculation of the model convective heating which 15 a key quantity

affecting model damage.

Therefore, the objective of the calculation matrix is to establish model damage for the most
severe values of tube diameter, deceleration rate, and heating uncertainty. Table 5-1 presents the
matrix of calculations performed to accomplish this cbjective, Case 1 of the matrix establishes the
baseline response to which cemparisans are wade. Cases 2 and 3 are used to determine the effect of
varying diameter and daceleration rate. Finally, in Case 4 the nomina) heating rates calculated using
the technique described in Sectien 4 are multiplied by a factor of 10. The cbjective of this calce-

lation 1s to determine the effect of a gross error in the heating technique.

TABLE 5-1. MATRIX OF MODEL DAMAGE CALCULATIONS

Case Tube Nominal Nominal Heating

No Diameter Deceleration Pressure Rate Comments

' {in} {107 g's) {atm} Multiplier

1 g 8 356 1x Establish baseline

2 14 624 Largest diameter of interest
3 4 312 Effect of reduced acceleration

and increased time
4 a p24 10x Effact of increased heating
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Specifications regarding model, range, and recovery tube confligurations for the damage calcu-
lation matrix are presented in Table 5-2. The nominal projectile cenfiguration is shown in the sketch
below.

recovery tube
!//!t!z'_z"[!!!fj!jfliz_lii!
rosetip (ATJ-5}

80
D/2

""
_ - G
o+ .
| S ‘5" —4 e
\—— cone frustum afterbody

Sketch of projectile configuration,

Figure 5-1 shows a plot of the flight trajectory for which simulation was desired. It is a
nominal ICEM trajectory. A range simulation altitude interval of 40 to 50 kft was selected because
it 15 the highest altitude interval (and hence requires the greatest recavery velocity) which has

begun to experience any appreciable ablation.

Trajectory simulations for the two different tube diameters called out in the calculation
matrix are also shown in Figure 5-1. The 8-inch diameter {Case 1) results in a nominal ballistic co-
efficient (B) of 1000 psf (see Figure 2-2, Section 2). This B gives an adequate simulation of the
desired trajectory. The 14-inch diameter projectile (Cases 2, 3, and 4) yields a nominal B of 2870
psf. In order to make the damage calculation results of the two different diameters comparable, the
initial velocity for the 14-inch cases was selected such as to yleld the same recovery velocity as

the 8-inch case.

5.2 THERMAL AND ABLATION RESLLTS

The results of the thermal and ablation analysis are covered in this section. First the input
from the shock/dynamics and convective heating calculations which are required to perform the thermal

analysis are presented. Then the ablation and thermal analysis results are discussed.

5.2.1 Required Input

The input vequired from the shock/dynamic analysis are the model pressure and recavery tempera-
ture history. Model pressure history for Case 1 is shown in Figure 5-2. The peaks in the distribution
correspond te the valve/shock interactions discussed in Section 4.1. Pressure histories for Cases 2

and 4 have the same temporal distribution as Case 1 (since the specified deceleration rate is the same)
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TABLE 5-2. SPECIFICATIONS FOR DAMAGE CALCULATION MATRIX
Quantity Specification Comments
Model Configuration .
Nese radius RN = 1.0 inch
Nosetip length L =5.0 inch
Typical R/Y quantities
Cone half angle 8. = B®

Material

Range Quantities

Preheat

Precanditioning section
Range length

Altitude interval in range

Recovery Quantities

Number of compartments
Gas

Entry velocity

ATJ-5 graphite

700 Btu/ft?-sec for 6 sec

None considered
20,000 ft
50 to 40 kft

5
Heljum

18.36 kfps

Brings surface temperature
to 4500°R

Results in greatest recovery
velocity of interest

Minimizes radiation to model

Greatest recovery velocity
of interest
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Figure 5-1. Trajectory simulation for model damage calculations.
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Figure 5-2. Model pressure history for Case 1.
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but are scaled in value by the ratio of tube diameters. This is the result of the projectile mass
par unit base area scaling discussed in Section 2. The pressure history for Case 3 is similar to
Case 1 with time scaled inversely with deceleration rate (A kg's/4 kg's) and pressure scaled by the

product of tube diameter and deceleration rate {14 inches x 4 kg's/8 Inches x 8 kg's).

The recovery temperature histories are shown in Figure 5-3. The initial value for the temper-
ature of the helium is 22,000°R. The temperature decreases with time parabolically in direct corre-
lation with the velocity of the projectile which is decreasing linearly with time. The localized
temperature peaks are again a result of valve/shock interactions. The recovery temperature history
for Cases 2 and 4 is identical to Case 1. Since the deceleration for Case 3 1s one-half that of

Case 1, the timas for Case 3 are twice those for Case 1.

The other input required for the thermal analysis is the heat transfer coefficient which is
determined from the model boundary layer analysis. Several typical heat transfer coefficient distri-
butions are shown in Figure 5-4 for the flight and recovery test phases. The flight distribution is
for a laminar boundary layer at an altitude of 40,000 feet. The distribution of heat transfer coeffi-
cient during recavery shows a stagnation point value about one-tenth that for flight. The values on
the cone are nearly the sama for recovery and flight. The distributicn for Case 4 which is 10 times

Case 2 is also shown.

Mcde! pressure and stagnation point heat transfer coefficient histeries are presented in Figure
5-5. Here it can easily be seen that the heat transfer coefficient history very closely follows the

pressure. Again, the rises 1n pressure are a direct result of the compartments in the recovery tube.
The above input was used in the ANAP code to calculate the thermal response which is described

next.

5.2.2 Qutput Results

The output of primary interest from the thermal calculation are temperatures (surface and in-

depth) and surface recession.

Temperature Rasponse

The stagnation point surface temperature history for Case 1 15 shown in Figure 5-6 for a com-
plete test sequence. Initially the model is preheated for 6 seconds during which it attains a temper-
ature of 4370°R at the stagnation point. This is followed by the track guided flight at speeds on the
order of 20,000 fps for approximately ! second. In flight the stagnation point temperature rapidly

increases to a steady state value (approximately 7900°R) and remains nearly constant. During recovery
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Case 4 {10 times nominal)
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Figure 5-4. Example flight and recovery heat transfer coefficient distributions.
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in the helium filled tube, the stagnation point temperature rapidly decrsases to 6800°R. After re-

covery, cooldawn by radfation reduces the temperature to 4500°R in 1.5 seconds and 3800°R in 5 seconds.

The stagnatien point temperature histories for all cases during recovery are presented in Fig-
urg 5-7, The historfes for Cases 1, 2, and 3 are very similar, but for Case 4 the temperature in-

creases in the initial part of the recovery.

The fact that the initial recovery temperature in the recovery tube is significantly higher
than in flight (22,000°R versus 13,000°R) and yet the surface temperature still decreases amphasizes
how small the pradicted recovery heat transfer coefficient 1s. Only when the predicted heating is

increased by a factor of 10 [as in Case 4) does the high recovery temperature have an effect,

The in-depth cocldown thermal response for Case 1 is i1lustrated in Figure 5-8 by plets of
temperature distribution along the nosetip centerline for various times. The radiation cocling at
the surface causes a rapid reduction 1n surface temperature such that after 7 second of cooldown the
temperature is 4780°R and 3800°R after 5 seconds. As a result of this rapid decrease in surface
temperature the maximum temperature, after a short time, 1s no longer at the surface, but a small
distance in depth. The value of peak temperature 1s plotted versus time in Figure 5-9 for all four

cases. Peak temperature is shown plotted versus Tn-depth location in Figure 5-10.

In-depth temperatures are of concern because 1f the virgin in-depth graphite is exposed to
temperatures greater than the graphitization temperature for relatively long periods of time, the
properties of the material can be changed to such an extent that further testing of the nosetip would
no longer be valid. Since the graphitization process is gaverned by reaction rate kinetics, not only
ts the peak temperature important, but also the length of time for which the material is exposed to
the elevated temperatures. In a typical graphitization process an {sothermal temperature of nominally

5000°R is maintained for many minutes and this cycle is repeated several times,

Ouring the recovery/cooldown process the peak temperature is typically down to S000°R within
1 second and has penetrated to a depth of less than 0.1 inch, Therefore, only a small amount of mate-
rial is exposed to elevated temperatures and only for a very short period of time. Thus, any change

in the microstructure and/or properties of the nosetip are anticipated to be small and localized near

the surface.

Ablation Response

Stagnation point surface recession during recovery for all cases is shown In Figure 5-11. Ab-
lation during recovery for Cases 1, 2, and 3 1s less than 0.1 mil and is certainly negqligible. Even
for 10 times nominal heating (Case 4), ablation during recavery 1s stfll only about 2 mils which is

Tess than 5§ percent of the ablation during the range flipht.
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Figure 5-7. Stagnation point surface temperature during
recovery for all cases.
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5.3 STRUCTURAL RESPONSE

This section presents the results of a matrix of structura! sclutions performed with the DOASIS
code to assess the probability of model fallure as a function of recovery tube design variables. First
a description of the stress state and fallure criteria during recovery 1s given. This is followed by

a similar discussion of structural failure during cooldown.

5.3.1 Structural Response During Recovery

Structural analyses were performed for one time during recovery for each of the four cases out-
Tined in Table 5-T. A description of the model stress state during recovery is first given. Next

cansiderations of structural failure are discussed.

Description of S$tress State

The model stress {s determined by three forcing functions which are related to the key design

variables as follows:

Forcing Function Controliing Variables

Thermal stress ——am= Heating
Pressure load  ——aw= Deceleration, diameter

Body force ———ame Deceleration

Consider first the thermally induced stresses. A typical temperature field during recovery is
shown in Figure 5-12. The temperature varies from S8000°F to 1000°F. The outside region with about
half of the nosetip volume has temperatures abova 2000°F; the inner region has temperatures below
2000°F. This temperature field leads to stresses which are compressive in the temperature regions

above 2000°F and tensile in those below 2000°F (Figure 5-13),

Stresses produced by pressure Toads are always compressive. Body force stresses may be either

tensile or compressive depending on locaticn and body configuration.

The resultant stress state is determined by superposition of all stress. Figure 5-14 shows
plets of the four stress components {"r — radial, o, — axial, Ty = hoop, and Ty ~ shear) as calcu-

lated by DOASIS for a typical recovery casa.

A1l stress components are compressive which indicates that the compressive stresses generated
by surface pressure are higher than the tensile stresses generated by temperature gradients. It
should be noted that the stress state during recovery 1s guite different from that in flight. The

stress state in flight is primarily due to thermal stresses.
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The shaar stresses Tpg 3TE much less than the compressive normal stresses, This stress field

of all compressive normal stresses and low shear stress resembles closely a hydrostatic compressive

stress fleld.

The high stress locads indfcated fn Figure 5-14 give some concern that plastic yeilding may
occur. However, plastic yleld theory indicates that under purely hydrostatic compression no plastic
yielding will even occur. Thus an elastic solution of 2 structure under purely hydrostatic compres-
sien will be the same as that of a plastic selution. 1In order to verify that the stress state during
recovery is sufficiently close to hydrastatic compression to allow the use of the more easily applied
elastic theory a plastic solution for Case 2 was performed. As expected, the stress fields in the
nosetip during recovery were very similar to the elastic response, Therefore anly elastic solutions

were performed for all subsequent cases.

Structural Faflure Considerations

There are numerous failure criteria. Some are good for only certain loading conditions and
others are valld for only certaln classes of materials. The simplest and the mast common faflure
criterfon is to compare the maximum tensile and compressive stresses {strains) with the allowable
tensile and comprassive stresses (strains). This method is not very conservative since it neglects

biaxial and triaxial stress effects.

Tsai and Wu {Reference 22) and Priddy {Reference 23) have developed fai{lure criteria far
anisotropic materials with biaxial and triaxial effects. To use their failure criteria with confi-
dence, one must have complete experimental data from material strength tests. For ATJ-S graphite,
strengths of uniaxial tensile and compressive stresses at various temperatures are guite complete,
but there are only a few tests on shear, biaxial and triaxial stresses. In order to use Tsal-Wu'

or Priddy failure criteria, we must interpolate or extrapolate strength data from the available data.

Our structural analysis results for recovery cases are somewhat unusual, None of the above
mentioned faflure criteria are appropriate, and they lead to contradictory results. For example, if
we compare the maximum compressive stress in each case with the allowable uniaxial compressive stress
(Figure 5-15, Reference 31) the nosetip is predicted to fall in all cases except 3. If we compare
the maximym compressive strains with the allowable uniaxial strain of 0.05 in/in (Reference 25). The

nosetip is not predicted to fail in any of the cases,

The reason for these contradictions {s that the sbove faflure criteria are not applicable to
a stress field resembling hydrostatic compression. This leads us to use the allowable shear strain

as our failure criteria. This is because shear strains {stresses) are generated by deveiations from

2 purely hydrastatic Joad.
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There is no avatlable experimental test data for allowable shear strain. But conservative
values can be estimated fram the allowable uniaxlal compressive strains. If the material under
compression test fails due te the maximum shear strain on planes at 45° to the compression direction,
then the shear stress and the corresponding shear strain are related to the compression stress and

strain as:

Tey = 1/2 o, (5-1)
Y.. <€ (5-2}

References 24 and 25 report that the compressfve fracture strain of ATJ-S graphite at room
temperature is about 0.05 in/in. According to Equation [5-2), the allawable shear strain at room
temperature is alse 0.05 in/in. The values of the a1lowable shear strains at highar temperatures

are extrapolated and are shown in Figure 5-16.

The shear strain ratio is defined as the ratio of the a¢tual to the allowable shear strain.
Shear strain ratios were calculated for each recovery case. A typical contour for Case 1 15 shown
in Figure 5-17. The maximum strain ratio occurs near the nosetip back shoulder. As shown previously
(cf Figure 5-14(b}) this is also the reglon of maximum compression. For each case the maximum
shear strain ratio was evaluated and compared with the key design variables. Figure 5-18 sum-

marizes these results.

Figure 5-18(a} shows the effect of model heating on maximum shear strain ratfo. The first
point on the left was calculated using the loading conditions of Case 2 with an {sothermal temperature
fleld (i.e., no heating). The second point is Case 2 with nominal heating, and the third is Case
2 with ten times nominal heatiny {i.e., Case 4). As the plot shows there is a definfte effect
going from zero heating to nominal heating but 1ittle effect going for nominal to ten times nominal.

In any case the maximum shear strain ratio is well below predicted failure.

In Figure 5-18(b), the design variable fs the tube diameter 0. This figure indicates that
the maximum shear strain ratio increases as the tLube diameter increases. This 15 a result of the
assoclated increase in pressure with tube diameter. Figure 5-18{c)} shows that deceleration rate
has a simitar effect on shear strain as diameter. The maximum shear strain ratios for all recovery
cases are far below the failure line and thus no structuraz) failure problens are anticipated during

recovery.
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During cooldown, there is no surface pressure and the stresses in the nosetfp are generated
by the thermal field alone. To see the effect of thermal load, Case 2 was structurally evaluated
during cooldewn. The input temperature field is shown in Figure 5-19. The axial stress (cz} has the
highest magnitude and it is shown in Figure 5-20. This figure indicates that the Tnner half of

the body 1s in tensfon and the outer half is in compressian.

The Tsai-Wu structural failure criterion was used for Case Z during cooldown. The failure
criterion indicates that the tensile stress components along the nosetip center line will cause
structural failure. However, these strains are dependent upon the nosetip overhang length which
can be shortened to insure a safe design. This i; also true when the model is accelerating during
launch and in subsequent flight. Although the present analysis was concerned only with recovery,
higher strains are expected during flight than during cooldown. An assessment of model Survival

must fnciude flight, recovery and cooldown.

Thus in actual application 2 model! which is designed to survive launch and flight stress

will, in al7 likelihood, also survive cooldown stresses,
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SECTION 6
COST OPTIMIZATION RESULTS

The final aspect of the effort described herein is a study of the cost optimization of a re-
covery tube system. The objective of this study is to determine the design parameters of an optimum
cost effective recovery tube system. Section 6.1 below describes the cost analysis technique used.
In Section 6.2 this technique 1s appiied to a matrix of designs covering the range of interest for
the key variables of deceleration rate, tube diameter, and number of compartments. Section 6.3 de-
scribes a preliminary design of the optimum system with an associated refined cost estimate. In
addition, the effects of operating the facility with variocus gases and variations in projectile

jnitial velocity are examined.

6.1 COST ANALYSIS TECGHNIQUE

In general, the technigue used to estimate costs for the various recovery tube systems involved

the following four basic steps:
e List the basic system elements and costs for a conceptual desion.
* Segregate the fixed cost elements from the variable cost elements.
# Develop appropriate cost scaling factors and rules for the variable cost elements.

* Estimate the total system costs for various parametric cases.

6,1.1 Conceptual Design

Figure 6-1 shows the recovery tube conceptual design used to develop a cost analysis technique.

[t consists basically of an entry section, a deceleration section which is simply a tube with fast
acting valves, a shock extension section, a friction section, and finally a muffler and barricade.

The short entry section was utflized between the end of the range tank and the first valve location
a5 a transitfon from the track-guided range to the vecovery tube. This section will permit shock
development in the completely confined recovery tube before reaching the first valve location. The
initial portion of the entry section would probably be s1ightly tapered. Each compartment is sepa-
rated by 2 quick operating valve actuated by tha signal from a pressure transducer placed a suitable

distance upstream of the valve,
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The length of the system has been sized such that the rarefaction wave from the downstream
open end reaches the projectile location when a profectile velocity of 1000 ft/sec is achieved. The
term “shock extensfon" has been applied to the tube length between the 1000 ft/sec location and the
end. A small amount of additional model deceleration will occur, however, in the shock extension

portion,

A valve rather than a burst diaphragm has besn uysed at the end of the shock extension to elimi-
nate the reflection of a compressive wave from a burst diaphragm surface. A short friction section
1s incTuded after the shock extension. The friction section might, for axample, contain spring-

Toaded rafls to bring the mode) to a complete stop. A muffler and safety barricade complete the

downstream end of the facility.

A control system primarily designed to properly control all valve functioning has been in-
¢luded. This aquipment §s assumed to be located in the control room for the entire range. A vacuum
pump and gas charging system have been included to purge the recovery tube of alr and backfill the
compartments with the desired charge gas,

The varfous elements involved in tha conceptual design of Figure 6-1 are 1{sted in Table 6-1.
Those {tems assumed to be fixed costs regardless of system parameters include the valves, mufflar and
barricade, detailed design, and facility checkout and debug. It 1s assumed that the detailed design
effort 1ncludes the development costs of the quick operating valve,

6.1.2 Structural Sizing

The recovery tube was structurally sized using the distortion-energy (Von Mises-Hencky) yleld
theory for biaxial principal stresses. This theory 1s well established for the analysis of gun tubes
as discussed in Reference 26. When expressions for the radial and circumferentfal stresses on the

inner surface of a thick-walled tube are substituted into this ¥ield theory, the resulting equation

2 1
NELE BICHE
]

= Outside diamgter
where W nsige ameter

is:

-
n

design prassure in psi

Y = tensile yield stress in psi
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TABLE 6-1,

SYSTEM ELEMENTS

Hardware

Labor

*10.
1.
12.

Tube entry section

Tube deceleration section
(standard and high pressure
tubing)

Tube friction section
Spacers

Valves

Tube supports

Vacuum system

Gas charging system
Control system

Muffler and barricade

Asphalt runway

Spares

*1.

*4,

Detailed design (includes valve
development )

Site Preparation
System installation

Checkout and debug

*
Fixed costs
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Tubes were sized for a factor of safaty of 2 with respect to tensile yield stress. Two dif-
ferent steels were considered in the tube designs: a 1025 carbon steel with a tensile yleld stress
of 44 ksi and a 4140 alloy steel (normalized) with a tensile yield stress of 50 ksi. After applying
the factor of safety, the allowable stresses in the structural sizing equation become 22 and 45 ksi

respectively for carbon and alloy steel.

Vendor prices were obtained for both steels for use +n facility cost estimation. The carbon
steel cost is approximately 40 cents per pound and the alloy steel is approximately 70 cents per
pound. Figure 6-2 shows the resulting cost for basic 15 foot long sections of 8 inch inside diameter
tube as a function of eperating pressure, The pressure 11mit shown for each steel type is determined
when the denominator of the design equation equals zero. The carbon steel is cost effective only at

pressures of 200 atmospheres and below.

One factor that must be considered in the operation of a high pressure tube made of steel is
the possible loss of ductility at low temperature., The phenomenon of nil-ducti{lity transition tem-
perature in steels is discussed fn detail in Reference 27. For carbon steels the nil-ductility
transition temperature is quite high, possibly as high as 50°F. Therefore, a faciiity constructed
of carbon steel should not be operated at iow ambient temperatures. Alloy steei, however, exhibits
considerably better characteristics in this regard. Reference 27 states that gquenched and tempered

4140 steel is recommended for operation at temperatures down to -50°F,

5.1.3 Costing of Baseline Case

The system element breakdown and tube sizing considevations described apove were used to esti-
mate the cost of a "baseline" recovery tube system. The parameters for the baseline case included
5 compartments, a nominal 8,000 g deceleration rate, B-inch inside diameter, and helium charge gas.
The results of shock/dynamics calculations were used to determine the appropriate tube length of BO0D
feet by using the shock extension criterion previously described. The shock/dynamics calculations
also provide the pressure information necessary for tube sizing. This facet will be discussed in
more detail later in this section. For the baseline case the buik of the tube 1s designed for & 700
atm operating prassure with a short high pressure section designed to operate at 1200 atm. The high

pressures are caused by shock interactions that occur near the front of the last compartment.

Cost estimates for each of the elements in the baseline case are summarized 1n Table 6-2. Alloy
stee) is the appropriate choice for the relatively high cperating pressures of the baseline case. The

Pipe will be constructed of basic 15 foot sections with standard slip-on flanges welded on at each end.
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TABLE 6-Z. BASELINE CASE ELEMENT £OSTS

Element Cusii

¢ Standard 15-foot tube section (700 atm)*

—  HMaterial
Seamless tubing, 4140 alloy steel, normalized to 90 ksi, raw stock $ 1580
10 IPS (10.75" 0D) x 1.5" wall @ $105/Ft
Flanges 2 @ $200 each 400
- Labor
Weld flange, face, bore, hone {ID 8.000 * 0.002) 1100
Chrome plate 1000
Inspect 100
— Shipping [assume 1000 miles) 170
TOTAL $ 4350

o Tube entry section

Zx standard section 8700
® Tube friction section
Ix standard sectfon 13050
& Spacer 150
& Quick operating valve 3000
4 Tube support
Twd per tube section 400 ea
& Vacuum system
7C cfm 2000
# Gas charging system 3000

Two shot He quantity plus plumbing

»  Control system
$10000 minicomputer plus $1000 per valve station 15000

¢ Muffler and Barricade 600

8 Asphalt vunway
15 feet wide 18000

*Based on vendor estimates, weight = 2060 1b/section
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Vendor estimates were obtained for the fabrication of these pipe sections. Two quite expensive pro-
cesses are invalved: boring and honing at nearly 31,000 per section and chrome plating of the bore

at $1,000 per section. The plating 1s included to prevent potential problems with oxide on the inner
surface. Total estimated cost fs $4,350 per baseline section each of which welghs slightly more than

1 ton.

An entry section was assumed to cost twice as much as a standard section since only a few will
be built and one entry section may include a tapered bore. Although no consideration was given to
the design details of the fiction section, 1t was assumed that each could be built at three times the

cost of a standard section.

A1l tube joints were assumed to contain sither a spacer or a quick aperating valve. The
spacer 1s designed to be interchangeable with a valve, giving complete freedom of valve setup loca-
tions. ¥alves are assumed to be scaled up versions of the type that have been developed at AEDC,
Pipe stand type tube supports set in concrete are assumed at twd locations per tube section. The use
of two lTocations permits the removal of single tube section withaut o953 of support for remaining

sections.

A sTngle stage mechanical vacuum pump capable of pumping the entive recovery tube down to a
pressure of 0.1 torr 1n 1 hour has been included. The gas charging system consists of sufficient
helium to conduct two tests plus the associated plumbing for f1111ng the compartments and valve

cylinders,

The contro!l system is assumed to consist of a simple minicomputer plus the transducers asso-
clated with each valve station. An asphalt runway 15 feet wide and running the entire length of the

recavery tube has been included so that a fork 11ft can be used in handling tube sectichs.

The resultant elemental cost breakdown for the baseline case is given in Tabla 6-3. Both the
entry secticn and friction section are assumed to consist of two sections {30 feet long) with 100
percent spares. Spare deceleration tube sections, valves, and spacers are included at 10 percent.
Final figures for the baseline case are approximately $478,000 for materials and $£350,000 for labor,
making a total estimated cost of $828,000. This cost does not represent a firm estimate but 1s more

of a baseline from which varfations can be considered as described in the next sectfon.

6.2 PARAMETRIC £OST EVALUATION RESULTS

The cost evaluation technique described for the baseline case above 15 applied, with appropri-

ate scaling factors, to a matrix of system parameters. As shown in Table 6-4, three casés each were
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Item Cost
MATERIAL
*Tube entry section, 4 each @ $8700 $ 34800
*Tube deceleration section — standard {700 atm), 52 each B $4350 226200
high pressure (1200 atm}, 7 each @ $7780 54460
*Tube friction section, 4 ¢ach @ $13050 52200
*Spacers, 54 each R $150 8100
*Yalves, 6 each @ $3000 18000
Tube supports, 114 each @ $400 45600
Vacuum system, 1 each @ $2000 2000
Gas charging system, 1 each @ $3000 3000
Control system, 1 each @ $15000 15000
Muffler and barricade, 1 each 0 $500 500
Asphalt rumway, 1 each @ $18000 18000
Total Materials $477860
*Includes spares
LABOR
Detailed design $160000
Site preparation 40000
System installation 100000
Checkout and debug 50000
Total Labor $350000
TOTAL COST $827860
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TABLE 6-4. COST EVALUATION MATRIX
: Nominal .
. Tube Inside
Case Number of Deceleration .
Number Compartments Rate Dyamﬁter Comments
(10%"'s) (inches)
1 5 8 8
(Baseline) Effect of
number of
2 10 8 8 compartments
3 8 8 ,
4 B 4 8 Effect of
deceleration
5 5 2 8 rate
6 s 8 4 Effect of

Note: Helium charge gas in all cases

SL1-94-9L1-2a3v
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examined to study the effect of varying the number of compartments, the deceleratfon rate, and the
tube inside diameter. The charge gas was assumed to be helium in the seven different cases examined.

The scaling factors applied in estimating the cost for each parametric cas; are as follows:
8 Pressure: From shock/dynamics analysis [~ Daﬂ)

® Length: from shock/dynamics analysis (- 1IaR)

» Tube raw material cost ~ tube weight

e Flanges, spacers ~ D?

o Tube Tabor constant

» Shipping ~ tube weight

» Tube supports, asphalt runway, site preparation, system installation - length
¢ VYacuum system capacity adjusted to maintain constant pump-down time

¢ Gas charging system maintained at a 2-shot quantity

s Control system $10,000 + $1,000 x number valve stations

s Spares B 100 percent on entry &nd friction sections, 10 percent on deceleration sections,

spacers, valves.

The shock/dynamics analysis results are used to determine the appropriate tube design pres-
sures. In general, the peak tube pressure considerably exceeds the pressure exerted on the projec-
tile due both to the basic nature of the recovery tube concept and to shock interactiens eccurring
ahead of the projectile. The calculated pressure envelope as a function of distance #s shown in
Figure 6-3 for an example case. Shock interactions are most pronscunced in the vicinity of the valve
at the entrance to the last compartment. A tube design envelope with a maximum of two pressure

levels was determined for each case.

When this pressure enveloping process was applied to the first three cases in Table 5-4, the
results shown in Figure 6-%4 wera obtained. The three compartment tube with helium does not exhibit
severe shock interaction even at the third valve location. The five.and ten compartment cases do,
however, exhibit severe pressures near the valve leading Tnto the Jast compartment. Extremely high
pressures such as the 2200 atm portion of Case 2 exceed the capability of the 90 ksi alloy steel.
Special treatment wes assumed for these tubs sections (e.q., heat treatment to 140 ksi, or auto-

frettage) and extra cost was added to cover such treatment, as discussed previously in Subsection
4.1.2.
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The curve shown 1n Figure b-5 shows the effect of the number of compartments on system cost,
Cost 1s nearly constant for 3, 5, and 10 compartment cases with all othey factors remaining equal.
It is concluded that three compartments are adequate, while considerably reducing beth the operating

pressure and complexity.

Nomfnal deceleration rates of 2000, 4000, and 8000 9's were considered In the parametric study.
The calculated deceleration rates differ somewhat from these nominal values for the particular valve
locatfons and compartment pressures assumed. Figure 6-6 exhibits the strong dependence of system
cost on deceleration rate. Calculated rather than nominal rates have been plotted. The strong func-
tion of cost on deceleration rate is primarily a resylt of the dependence of system length on deceler-
ation rate, which 15 also plotted on Figure 6-6. The lowest decelerztion rate examined, for example,
requires a tube nearly a mile long, Although cost s still decreasing at the nominal 8000g deceler-

ation level, this level 1s clearly beyond the knee of the cost vs. deceleratfon rate curve.

The effect of tube instde diameter variations on cost 1s shown in Figure 6-7. Costs were asti-
mated for inside diameters of 4, 8, and 14 inches. The cost 1s fairly constant in the 4 to 8 inch
range, but increases markedly at large diameters. Not only are the operating pressures greater for
larger diameters (P ~ DaR), but the stresses are also greater in a larger diameter tube. A diameter
choice must include consideration of the ballistic ccefficient that can Be achieved at the varfous
diameters. A plot of ballistic coefficient as determined in Section 2 s also shown in Figure 6-7,

An 8-inch diameter is required for a ballistic coefficlent of nominally 1000 1b/ft%. Lower values

are not sufficient to maintain flight simulation velocities in a large scale track-guided range.

A complete summary of the parametric cost study results is given in Table 6-5. Calculated
deceleration rate, system length, model location when 1000 ft/sec 1s achieved, and total system cost
are tabulated for each of the seven cases. Only Case 5 exhibited sufficiently Tow pressures to per-
mit the economic use of carbon steel tubing (see Figure 6-2). The high pressure regions of both
Cases 2 and 7 exceed the capability of the 90 ksi alloy steel, requiring special treatment to obtain

greatar strength.

6.3 OPTIMUM RECOVERY TUBE SYSTEM

A set of parameters for an optimum recovery tube system were selected from the results of the

parametric cost evaluation above. These optimum system parameters are as follows:
¢ Hominal 8000 g deceleration
® Efght-inch bore

¢ Three compartments.
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TABLE 6-5,

SUMMARY OF PARAMETRIC COST STUDY

Calculated Average

Case No. of Deceleration Tube ID Lengtha Hgd$éogtit;gn Total Cost
Number Compartments Rate (inches) (ft) P {(10%%)
(]03gls} {ft}
1 5 8.30 8 800 600 0.83
2 10 7.19 8 850 650 0.92¢
3 3 6.54 8 920 630 0.86
4 5 3.40 8 1800 1300 1.24
5 5 1.29 8 4300 3400 2.59d
6 5 6.91 4 1000 660 0.75
7 5 8.30 14 ~800 ~600 2.04€
(est)® (est)e (est)®

INot tncluding entry section (30 ft) and friction section (30 ft)

b

Station O is at end of entry section

cSpecia'l treatment required for high pressure region (heat treatment, autofrettage, etc.)

dCarbon steel used in Case 5.

€No shock/dynamics calculations performed for Case 7

Alloy steel used in all other cases

SL1-94-44-00Q3v
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These parameters correspond to Case 3 of Table 6-5, which fs a 920 foot long facility. The nominal
8000 g deceleration rate is near minfmum cost. The 8-fnch bore allows the testing of prejectiles of
reasonable ballistic coefficient and {s near a minimum cost. The use of three compartments provides
reduced operatione? pressures and reduced complexity while st{1] realizing near minimm cost. For
flextb{11ty, the opitmum system should be designed for operation with a range of gases from helium

to argon,

6.3.1 Effect of Operating Gas

Shock/dynamics calcutations were performed for operation of the optimum facility with both
afr and argon 1n addition to the helium calculatfons discussed previously. Tahle 6-8 summarizes
varigus parameters involved in operating the optimum system with helium, air, and argan. Both the
valve setup locatfons and compartment pressures are quite di fferant for the three gases, Maximm
flexibility of operation would be realized 1f valves were 1rstalled at the locations needed for all
charge gases of interest. All valves except those necessary for the specific gas being used in a
particular test would be left open. For three gases and three compartments, such a setup requires a

total of six valves: one at the entrance, two* at the front of compartments 2 and 3, and one at the

exit.

There s 1ittle difference in the maximum tube pressure Tor the three gases. A peak value of
approximately 700 atm is calculated near the entrance to the last compartment in each instapce.
Therefore, a tube designed for an operating pressure of 70D atm can safely accomodate all three gases.
As shown tn Table 6-6, the calculated deceleration rates for the valve locations and charge pressures
assumed for the optimum system are in the 6000 g range rather than the 8000 g nominal value, The
amount of gas required to achieve a given deceleration rate is markedly greater for a 1ight gas such
as helium. As seen from Table 6-6, 5200 ft* {STP) of helfum costing about $440 are required per
shot while an argon shot would <onsume only BOD ft' {STP) for an estimated 350 cost.

6.3.2 Effect of Projectile Velocity Variation

Unexpected variations may occur in the velocity of the projectile entering the recovery tube in
an operating track-guided range. A lower than expected velocity might jeapardize test abjectives,
but should not create a hazardous situatfon. A greater than expected velocity, however, could result

in higher than expected recovery tube pressures and a reduced tube factor of safety,

—
Only two are required since argon and helfum have the same compartment locations.
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TABLE 6-6. EFFECT OF OPERATING GAS

Helium Air Argon
Valve 1 location (feet) N} 0 0
Valve 2 location (feet) 345 285 345
Vaive 3 location (feet) 540 495 540
Exit valve location (feet) 215 915 915
Model location @ 1000 fps (feet) 680 740 700
Compartment 1 pressure (atm) 8.1 1.32 0.85
Compartment 2 pressure (atm) 14,2 2.35 1.50
Compartment 3 pressure (atm) 24.8 4.10 2.60
Maximum tube pressure (atm) 700 715 728
Calculated average deceleration rate (10%g's) 6.54 5.39 6.20
Gas consumption per shot (ft? @ STP) 5200 1300 800
Gas cost per shot ($) 440 20 ("2) 50

SI1-94-HL-DQav
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Experience at AEDC with e§1st1ng facilities has shown that a reasonable upper variation of
projectile velocity In the range of interest (18400 ft/sec) 1s plus 1000 ft/sec. Shock/dynamics
calculatfons were performed for the optimum system charged with helium with a 19400 ft/sec projectile
velocity rather than 18400 ft/sec, Peak pressures increased from the design level of 700 atm to
approximately 800 atm. Flgure 6-8 shows that the tube factor aof szfety 1s reduced from the design
valye of 2.0 to a value of 1.75. Thus, the tube is sti11 quite safe even at an anticipated upper
limit of projectile velocity.

6.3.3 Preliminary Design of Optimum System

Preparatory to mzking a refined cost estimate for the optimum system, 2 short preliminary de-
sign effort was conducted. Figure 6-9 shows an averall view of the optimum recovery tube system.
A1l critical stations such as valve locations have been rounded off to the nearest multiple of the
basic 1§ foot pipe section. Both the entry section and friction section consist of two 15 foot sec-
tions, or 30 feet each. Tota) system length with the entry and friction sections is 975 feet. A 15
foot wide asphalt runway extends for the entire length of the tube to facilitate oparation with a
fork 19ft. Although the System depicted in Figure §-9 {s shown set up for helium, it s recommended

that valves be included in appropriate Tocations for all gases of interest.

A typical 15 foot tube section with a composite of all piping and wiring entries that occur
on the various tube sections fs shown in Figure 6-10. The tube centerline is Tocated 4 feet above
the asphalt surface, making a conventient working height. Two tube supports are utflized per section

50 that single sections can be removed without loss of support for adjacent sections.

The tube supports alsc support the piping for the vacuum system, the high pressure charge gas
system, and shop air for service. A c¢enduft carrying instrumentation and contrel wiring plus service
power 15 also attached to the tube supports. The composite section in Figure €-10 shows typical en-
tries for purge of air, backfi1] with charge gas, a pressure transducer, and charge gas and wiring

for a typical quick operating valve.

Details of a proposed tube jofnt design are shown 1n Figure 6-11. Either a valve or a spacer
<an be accomodated at any joint. The concept shown has been specifically confligured to provide
sufficient gap after unbolting to allow easy removal of the valve or spacer. Three standard pipe
flanges are used at each joint of the concept: two sTip-on type flanges welded to the outside
diameter of the tubing and one blank flange machined so that 1t will slide along the tube 0D after
removal of a split ring. After removal of the spacer or valve at each end of a tube section, suf-

ficient clearance 1s available for easy removal of a tube section with a fork 1ift.
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Figure 6-12 shows a proposed tube support concept. Standard pipe roll stands have been used
to provide free axial motion for thermal expansion and contraction, It is assumed that every other
tube support will also have a pipe roller installied above the tube to provide vertical constraint.

The entire support 1s of welded and bolted construction and each 15 set in & concrete base.

A schematic of the purge and backfill system 1s shown in Figure 6-13. A single stage mechani-
cal vacuum pump of 80 cfm capacity i5 required to purge the optimum system to 0.1 torr in 1 hour.
Three vacuum ports are shown 1in the tube, one near the midpoint of each of the three compartments.
The gas charge system also has a port near the middle of each compartment plus piping to charge each
valve actuation cylinder with high pressura gas. A1l of these pipe entries require valving. A

single shot with helium requires approximately 5200 ft? (at STP).

6.3.4 Refined Cost Estimate for Optimum System

Although the optimum systsm parameters are the same as Case 3 of the parametric study in
Jable 6-5, a vefined cost estimate was made to raflect the preliminary design efforts above plus the
extra valving to accomodate operation with helium, afr, or argon. This estimate 1s summarized in
Tables 6-7 and 6-8, Vendor estimates were obtained for the specific sizes and quantities appropriate
for the optimum design. A standard 700 atm tube section is estimated to cost $4,450. This figure
includes the use of three flanges per Joint as shown in Figure 6-11. The tube support design depicted
in Figure 6-12 15 estimated to cost $330.

The facility total cost estimate includes the cost of ten valves, six in position to provide
the flexibility of three operating gases, two for additional flexibility, and two spares. The costs
of D-rings and miscellaneous hardware are 21sc included. Both the vacuum system and the gas charging
system 1nclude a cost estimate for plumbing as shown in Figures 5-10 and 6-13. The control system
cost estfmate has been increased to reflect the added valve locatfons and to account for the instru-
mentation and control wiring indicated in Figure 6-10,

The total estimated cost for the optimum recovery tube system, tncluding beth material and
labor estimates, 1s $915,340. This compares to a figure of $860,000 estimated previously for Case 3
of tha parametric study.
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TABLE 6-7. TUBE SECTION AND TUBE SUPPORT COST ESTIMATE

STANDARD 15 FOOT TUBE SECTION (700 atm.)
Seamless tubing

Machining of 1 slip-on flange

Blank flange 1 @ 145/ea

Machining of blank flange
Split ring 1 @
Weld flanges, face tube ends,
bore, and hone
Chrome plate
Inspect
Shipping

TUBE SUPPORT
Pipe roll stand
Pipe
Threaded rod and nuts
Fabrication
Drill holes and set in concrete

15 ft @ $105/ft
Slip-on flanges 2 @ 120/ea

Total

$ 1,580
2490
10
145
80
25

1,100
1,000
100
170

$ 4,450

$ 24
18
38
150

100

SLL-9L-H1-2Q3Y
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TABLE 6-8. COST ESTIMATE FOR OPTIMUM RECOVERY TUBE SYSTEM

MATERIAL

Tube entry section, 2 + 2 spares @ 2 x $4,450 $ 35,600

Tube deceleration section — standard (700 atm), 61 + 7
spares @ $4,450 302,600
Tube friction section, 2 + 2 spares @ 3 x $4,450 53,400
Spacers, 54 + & spares @ $150 9,000
Valves, 8 + 2 spares @ $3,000 30,000
O-rings, 189 + 30 spares @ $3 660
Misc. hardware — bolts, studs, nuts, washers; 2,464 ea @ 36 14,780
Tube supports, 130 ea @ $330 42,900
Vacuum system {including plumbing) 4,000
Gas charging system (including plumbing) 8,000
Control system {1ncluding wiring network) 21,000
Muffler and barricade, 1 ea @ $500 500
Asphalt runway, 1 ea @ $22,000 22,000
Total Materials $544,440

LABOR

Detailed design $160,000
Site preparation 46,000
System installation 115,000
Checkout and debug 50,000

Total Labor $371,000

Total Estimated Cost $915,440

S11-9£-4L-3a3av
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SECTION 7
CONCLUSTONS

A racovery tube for recovering reentry vehicle medels tested in a large scale guided tvack
range was studied analytically. The meajor conclusions from this study are associated with the model

damage during recovery, optimal recovery tube desfgn parameters, and recovery tube system cost.

7.1 MODEL DAMAGE

Sophisticated analytical techniques were employed to predict the test model response during
range flight, recovery, and cooldown. These calculations indicated that no significant model damage

w111 cccur during recovery and cooldown. Specifically:

& Maximum graphite mosetip model surface ablatfon for recovery in helium fs lesg than 0,002

inches

® Structural Toads during recovery are Tess than 30 percent of allowables (thermal structura:

problems during post-recovery "cooldown" can be designed arpund)

&  In-depth temperatures quickly drop beTow graphitic material processing temperatures.

7.2 OPTIMUM RECOYERY TUBE DESIGN

Based on constderaftons of projected model size and ballistic coefficient object{ves, model
damage, and recovery tube system cost scalings, the design parameters for an optimum cost effective

recovery tube are:

¢ Length = 1000 ft.
® Bore = B inches
e HNumber of pressure compartments = 3

¢ HMaxfmum design pressure = 700 atm

7.3 €osT

Based on current {Apri1, 1976) doliars, the estimated cost to fabricate and install the above

"optimum" recovery tuba system {1s $900,000,
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LIST OF SYMBOLS

a launch accaleration

ap recevery deceleration rate

Aor Ab projectile cross sectional area, or constant in Equations 4-25 or 4-38
B constant fn Equation 4-38

c constant in Equations 2-3 and 4-38

CD drag coefficient

Cf Friction factor, see Reference 7

Zz

2" Stanton number

CL. ':D artificial viscosity parameters 1n Equation 4-5
cp specific heat

D, d projectile diameter {equal to recavery tube inside diameter)
0 diameter, or constant in Equation 4-38

2 specific internal energy

F force

Fs Friss1ing number, Equation 4-39

FS factor of safety

G boundary layer shape factor, see Reference 7

h enthalpy

H heat transfer coefficient

K](m) coefficfent in Equation 4-28

Kz(m) coefficient in Equation 4-29

Ky coefficient in Equation 4-30
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LIST OF SYMBOLS (Continued}

L length of launcher

m model mass; also integer in Equation 4-19; alsc axponent in Equation 4-28
Mp or m projecttle mass

n number of compartments

p pressure

P p+w

PL launch pressure

Pr Prandt] nymber

PR recovery tube pressure

r location of model along x; or radial coordinate
R tube radfus

Re Reynold's number

RN nose radius

S maximum shear stress/factor of safety
t time

T temperature

u Jongitudinal velocity

Ug boundary layer edge velocity

v specific volume

vE recovery tube entry velocity

Y launch velocity
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LIST OF SYMBOLS {Continued)

L} ratio of outside dlameter to inside diameter
Hs shock speed

X distance along the tube; or along model surface
Xog shock location at the time of model terminal velocity
¥ tensila yleld stress

a angTe around sphere

oy apparent freestream turbulence level

] ballistic coefficient

Y ratio of specific heats

Yry shear strain in r-z plane

5 boundary layer thickness

£, axfal strain

e momentum thickness

ec cone half-angle

i viscosity

v kinematic viscosity

T artificial viscosity parameter

e density

P boundary layer edge densfity

o, radial stress

% hoop stress

o, axial stress
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Subscripts

Superscripts

LIST OF SYMBOLS (Concluded)
shear stress in r-z plane

enthalpy thickness

boundary layer edge

inftial; interface

at the time of flow establishment
model

projectile

recovery

at separation, or at the shock
tube

wall

ahead of shock

behind shock

freestream

mass element properties; or average value

reference property; or turbulent property
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